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Architecture of the human ACHE goe: The human ACH gen encoding the
acetylcholine-hydrolyzing enzyme acetylcholinesterase (AChE; acetylcholine 0 0
acetyl hydrolase, E.C. 3.1.1.7), was found to be physically distinct from
the related DCIII gene, encoding the less substrate-specific enzyme
butyrylcholinesterase (BuChE, acylcholine acyl hydrolase, E.C. 3.1 .1 .8).
Chromosomal mapping by polymerase chain reaction (PCR) amplification of
genomic DNA fragments from somatic cell hybrids carrying different human
chromosomes revealed that the ACHE gene resides on chromosome 7, and in 0
situ hybridization demonstrated a single location at the 7q22 position for
this gene. Construction and screening of complementary DNA libraries
enabled the isolation of ACh•cDKA, encoding the hydrophilic, brain AChE
protein. To complete the 5'-end of the coding sequence, which was missing
in the cDNA libraries, we screened a genomic DNA library and constructed a
recombinant ACHE DNA expression vector, which encoded, in microinjected 0 0
Xenopus oocytes, a catalytically active AChE having the characteristic
biochemical properties of the authentic human enzyme. This sequence was
subsequently transferred to A. Shafferman and colleagues at the Israel
Biological Research Institute, where it was used to transfect human 293
cells for large-scale production of recombinant human AChE.

The promoter sequence controlling AChE production was further cloned and
sequenced. When combined with the ACHE coding sequence, it directed
expression of the human enzyme in developing myotomes of transiently
transgenic Xenopus embryos, providing a convenient in vivo expression
system amenable to analysis of the effects of AChE overexpression at the
cellular, molecular and physiological levels. Several point mutations in 0 0
the ACHE and BCHE genes were detected in Israeli residents of different
ethnic origins and their incidences were found to vary considerably within
the Israeli population and between this and other populations, e.g.,
Caucasian Americans. Phenotypic effects of natural genomic variants can
thus be expected to vary according to ethnic origin.

Gene expression: The human ACHE gene was found to include 6 exons and 4
introns and to be subject to 3 distinct patterns of alternative splicing at
its 3'-end, which potentially leads to 3 distinct forms of AChE, differing
at their C-termini. The alternative ACh•mRNA forms were found to be
abundant in tumor cell lines of various tissue origins. In microinjected
Xenopus oocytes and embryos, monomers of the hydrophilic form of AChE were • 0
found to accumulate efficiently at neuromuscular junctions (NXJs), where
the transgenic enzyme caused ultrastructural alterations, increased length
and enhanced NIJ foldings, suggesting developmental effects of
ChE overexpression. This may be clinically significant, as the ACHE and
BCHE genes were found to be subject to incomplete amplification and
mutability in ovarian and bone marrow tumors, as well as in blood cell 0 0
proliferation disorders, including polycythemia vera and lupus
erythematosus-associate; platelet deficiency. Indeed, in vivo
administration to mice of antisense phosphorothioate oligodeoxynucleotide
inducing targeted destruction of AChmEANA caused transient hematopoietic
alterations and hampered erythropoiesis and megakaryocytopoiesis in the
treated animals, suggesting that AChE inhibition may cause hematopoietic 0 0
disorders in poisoned individuals.
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Structure-function relationships: Recombinant variants of human BuL2E were
expressed in microinjected Xenopus oocytes, and their biochemical
properties were analyzed. These included natural variants, having the
point mutations described above, a number of site-directed mutants of Bu(•hE
and a chimeric human AChE-BuChE enzyme constructed by engineered ligation
of PCR fragments from both cD(IAs. The examined mutations included 0
nontolerated ones, which totally abolished catalytic activity, as well as
mutations affecting the Kichaelis constant and/or sensitivity to inhibition
of the resultant enzyme products by different inhibitors. Thus the
frequent alteration of Asp70 by Gly in human BuChE (8% heterozygotes in the
Israeli population) was shown to decrease succinylcholine hydrolyzing
activity and hence the post-anaesthetic prolonged apnea syndrome, and to 0
induce extreme sensitivity to organophosphorus poisons and resistance to
oxime reactivation in affected individuals. This mutation further causes
resistance to natural glycoalkaloid poisons from Solanum plants, i.e.,
solanidine, which potentially explains the evolutionary persistence of the
mutation. The apparent phenotype of Gly70 BuChE indicated involvement of
peptides surrounding the rim area and the catalytic site groove in 0
cholinesterases in the attraction of ligands and inhibitors. As this
notion was further supported by analyses of several site-directed mutants
of BuChE, we proceeded to construct a chimeric AChE-BuChE enzyme in which a
peptide of 80 residues from this area in BuChE was introduced into ACHE.
The resultant chimeric enzyme displayed pronounced differences in its
inhibitor interactions, suggesting that it might provide improved * S
protection against organophosphorus poisons as compared with the native
AChE and/or BuChE.

Thus genomic, posttranscriptional, cellular and biochemical approaches were
combined to investigate the biogenesis of human cholinesterases and their
biological functions and therapeutic implications. 0
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ABBREVIATIONS, SYQIN4KS AND TRIUINOLOGY

A~h acetyl choline
AChE acetylcholinesterase
ACHE acetylcholinesterase gene
AS-ACHE oligonucleotide anti-sense to an ACHE coding sequence
ATCh acetyl thiocholine
BCHE butyrylcholinesterase gene
bp base pairs
BuChE butyrylcholinesterase
BTCh butyryl thiocholine
BzCh benzoyl choline
cME cholinesterase

CHE cholinesterase gene
DFP diisopropylfluorophosphonate
ds double-stranded
echothiophate diethoxyphosphinylthiocholine iodide
EDTA ethylenediamine tetraacetic acid
EGTA ethylene glycol-bis(beta-aminoethyl ether) tetraacetic

acid
h human
HpAChE hydrophobic form of AChE
iso-ONPA tetraisopropylpyrophosphoramide
kb kilobases
mAb monoclonal antibody O
x neuromuscular junction

ORF open reading frame
2-PAN 2-pyridinylaldoxime methiodide
PF post-fertilization
PI phosphitidyl inositol
PIP2  inositol triphosphate
PrCh propionyl choline
RFLP restriction fragment length polymorphism
RNase ribonuclease
r recombinant human
S-ACHE oligonucleotide from ACHE coding sequence (see AS-ACHE)

ss single-stranded
SSB single strand DNA-binding protein
SSC standard saline-citrate
SuccCh succinyl choline

Unless otherwise specified, numbering of the amino acid residues and bases
is according to the sequences of hAChE and hACHE (Soreq et al., 1990), or

for hBuChE and hBCHE (Prody et al., 1987). Mutants are designated by the
wild-type residue and its replacement; thus, Leu286Asp is a replacement of
the leucine at position 286 by an aspartate residue.
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I. INTROUCTION

A. Overview and goals
Chemical warfare agents are aimed at inhibition of human
acetylcholinesterase (haChi), whereas the closely related agricultural
insecticides are mostly designed for inhibition of the insect enzyme, with
particular emphasis on low toxicity to humans. In addition, cholinesterase
(ChZ) inhibitors are employed clinically in the treatment of con
syndromes, including Parkinson's disease, myasthenia gravis and multiple
sclerosis; and attempts at restoration of cholinergic defects in
Alzheimer's disease patients involve the use of various drugs that inhibit
ChEs. The efficacy and specificity of such drugs on the one hand, and
their toxicity factors on the other, largely depend on inhibition of ChEs 6
in the treated individuals. For all these reasons, updated evaluation
methods for these parameters should be valuable to chemical defense as well
as pharmacological research focused on the development and use of
cholinergic agents.

hChEs are classified mechanistically as carboxylesterase type B enzymes, 0

and functionally are capable of rapidly terminating neurotransmission at
cholinergic synapses and neuromuscular junctions. The ChEs are further
classified according to substrate specificity and sensitivity to selective
inhibitors into AChE and butyrylcholinesterase (BuChE). Subclassifications
of ChEs are based on their hydrophobicity, interaction with membranes and
multisubunit assembly.

AChE exists in several structurally distinct forms that can be
differentiated on the basis of physical properties. These include the
number and types of subunits of which they are composed, the molecular
weight of these catalytic subunits, their sedimentation rate and
hydrophobicity or hydrophilicity. All of the AChE forms are monomers or 0
oligomers of a catalytic glycoprotein, the molecular weight of which is in
the range of 70-80 kDa for mammals (Rotundo, 1984). Fig. I presents these
forms schematically.

The different catalytic subunits of the polymorphic AChE forms are
generally considered to share common biochemical and pharmacological 0
properties. Thus, the significance of this polymorphism is usually assumed
to reflect the extracellular distribution of these forms. The asymmetric
form in muscle is characterized by the presence of a collagen-like tail.
One catalytic tetramer can bind a collagenic submit by disulfide bonds
(Massoulie et al., 1993). Molecules containing one, two or three catalytic •
tetramers are named A4, As or A, 2 forms, respectively. Asymetric forms of
ChEs appear to be attached to extracellular matrices, e.g., the
neuromuscular basal lamina. They are specifically expressed in nervous and
muscular tissues and may be regulated according to the physiological state
of the individual. The characteristic properties designating the
asymmetric forms are reversible aggregation at low ionic strength, large •
Stokes radius (>8 nm), and a specific sensitivity to collagenase.

The second class of ChE, the globular forms, may be defined in a negative
fashion by the absence of a collagen-like tail.

In the central nervous system, the principal form of AChE is a tetramer,
and is membrane-bound. It has the same amino acid sequence as the
asymmetric form, but is anchored differently. Amphiphilic dimers of AChE



from a number of sources (mammalian erythrocytes, Zenopus muscle, Torpado 0
electric organ and Drosophila nervous system) have been shown to possess an
ethanolamine-glycan-phosphatidylinositol anchor, linked by an aside bond to
the C-terminal amino acid residue of the catalytic subunits (for reviews
see Silman & Futerman, 1987; Ferguson & Williams, 1988). Such molecules
are called glycophosphatidylinositol-anchored (GPI-anchored). GPI anchors
may be removed by a phosphatidylinositol-specific phospholipase C (PI-PLC),
and an anchor-specific phospholipase D (PLD) from serum, except when the
inositol ring is acylated. In addition to the catalytic subunits, this
form includes a hydrophobic proteolipid subunit of 20 kDa associated by
disulfide bridges to one of the dimers (Gennari et al., 1987; Inestrosa et
al., 1987).

These different forms of AChE may vary in their sensitivity to specific
cholinergic drugs. Certainly, whatever their in vitro sensitivity, in
vivo, their different tissue, cellular and subcellular localization exposes
them differently to OP agents.

Alternative splicing is known to control the generation of proteins with @

diverse properties from single genes (Maniatis, 1991), through the
altern-'tive excision of intronic sequences from the nuclear precursors of
the r. -,ant RNA (pre-mRNA). It is known to be cell type-, tissue- and/or
developmental stage-specific (Smith et al., 1989) and is considered as the
principal mechanism controlling the site(s) and timing of expression and
the properties of the resultant protein products from various genes (Baker, 0
1989). We have shown that alternative splicing is responsible for the
expression from a single gene of those forms of AChE that possess the
"optional" C-terminal domain and those that don't, and may also account for
a yet-to-be-described third form.

In man, the existence of a separate BuChE was established over 50 years ago 0
based upon the distinct substrate and inhibitor specificities (Alles &
Hawes, 1940), which distinguish it from the closely related enzyme AChE.
Apart from its possible role in supporting AChE in terminating cholinergic
neurotransmission (Massoulie & Toutant, 1988), the intensive expression of
BuChE in fetal tissues (Zakut et al., 1985, 1991; Layer & Sporns, 1987) and
bone-marrow stem cells (Patinkin et al., 1990), together with its gene 0
amplification in germ cells (Prody et al., 1989) as well as in blood cells
(Lapidot-Lifson, 1989) and ovarian carcinomas (Zakut et al., 1990),
indicate a probable growth-related role for BuChE (Soreq & Zakut, 1990a).
Even if in this role its action is not dependent on its catalytic
properties, its function in regulation of cellular development
(allofunction) must depend upon structure-allofunction relations. 0

Serum BuChE exerts a key clinical role in the degradation of drugs such as
succinylcholine (SuccCh) (Hodgkins et al., 1965), heroin (Valentino et al.,
1990), physostigmine and ecothiophate (Silver, 1974), and activates
prodrugs such as basbuterol (Olsson & Svensson, 1984). Ecologically, BuChE
serves in the scavenging and subsequent detoxification of both naturally S
occurring (e.g., Solanus alkaloids or quinoline compounds) and synthetic
(e.g., paraoxon) ChE inhibitors (Silver, 1974; Whittaker, 1986). On the
other hand, the susceptibility of wild-type enzyme, unlike the "atypical"
mutant, to inhibition by naturally occurring inhibitors, may in some
environments confer a selective advantage on individuals who are at least
heterozygous for the mutation.
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In contrast to AChE, BuChE in man appears to be encoded by a single eDNA 0
species, but displays biochemical variation due to its mutability. Over 20
different point mutations have been discovered so far in the coding
sequence of the human gene encoding BuChi, DCIE. In several cases, these
mutations bring about considerable changes in the sensitivity of allelic
DuhCh variants to selective inhibitors. The potential pharmacotherapeutic
value of anti-ChE drugs may hence be improved by application of a deeper
understanding of their mechanism of action on variable AChE and BuChE
subtypes, which may be designed according to results of structure-function
relationship studies using recombinant C(hEs of human origin. This should
also deepen our understanding of the variable response patterns to
prophylactic AChE inhibition employed under threat of organophosphate (OP)
poisoning.

The human cholinesterase genes (hCHEs) and their protein products have been
the focus of intensive research for many years because of the physiologiL. "
function attributed to these enzymes, both of which are capable of
hydrolyzing the neurotransmitter ACh. Genetic linkage evidence indicates
that two distinct genes, designated ACHE and BDCE, encode their respective •
enzymes, AChE and BuChE. The toxic effects of OP poisons, such as
insecticides or nerve gases, are generally attributed to their specific
inhibition of the ChEs, particularly AChE, interfering with cholinergic
neurotransmissions. OP inhibition of ChEs occurs through a covalent
interaction of the OP compound with a serine residue at the catalytic site.
However, detailed study of structure-function relationships in this family 0 O
of enzymes has been hampered by the difficulties in purifying mammalian
ChEs.

The specific goals set forth in our work were:
I. First and foremost, we wished to determine the detailed architecture
of the ACHE gene, its exon-intron organization and its alternative splicing S
options as they related to the biochemical properties of the enzyme
product. In addition, promoter element(s) were sought which would help
explain the gene's properties and tissue specificitiy.

2. A second major goal of the work has been to further our understanding
of the physiological roles of the ChEs. The role of AChE in terminating 0
cholinergic neurotransmission has been very well recognized for decades.
The role of BuChE has been a matter of some speculation, but no one would
claim certain knowledge of it. Indeed, that humans without any active
BuChE at all can lead apparently normal lives seems to deny BuChE any
physiological role whatsoever. We thought, however, that as full a
description as possible of the range of activities and susceptibilities to •
inhibition of natural variant BuChEs, combined with an analysis of human
populat-,ns that preserve these variants, would be informative of the role
this r %e might play, at least in some extreme conditions, such as under
thk a of anti-ChE poisoning. Extending this line of inquiry to BuChEs
di- .ely mutated in the laboratory, we felt, could give information on
the suL olecular details of the enzymes that contribute to their 0
characteristic activity and specificity toward substrates and inhibitors.

Several lines of evidence have indicated that ChEs may have a role in
cellular growth and development, and this activity may be independent of
their catalytic roles. As a model system, we have selected hematopoiesis,
in which one may observe proliferation or development of stem cells. As a •
method for preventing AChE synthesis in the cells, we have used antisense
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oligonucleotides, and have tested our hypothesis in mouse bone-marrow 0
cells.

3. Our studies and other information have indicated that whatever role
BuChu may play in normal physiology, it serves as a decoy to react with and
inactivate anti-ChEs that normally are found in the diet, or to which
individuals are exposed accidentally (agricultural insecticides) or 0
deliberately (warfare nerve agents). In applying this information, we have
sought to amplify the natural protective effect of human BuChE. With a
knowledge of what controls expression of the ACHE and BCHI genes, we may be
able to increase the steady-state levels, to counteract the action of anti-
Ch(s. With a knowledge of the roles of individual amino acid residues of
BuChZ, we may be able to extend our use of the techniques of molecular 0
biology to design a more effective BuChE, one that would offer enhanced
protection.

B. Allelic variants of hBuChE
Individual variations in the response to the clinical use of SuccCh led to
the recognition of variant BuChEs. BuChE normally clears SuccCh from the 0
circulation when administered at surgery to induce muscle relaxation.
Following intravenous administration of SuccCh, a desired and brief,
minutes-long neuromuscular blockade is induced; serum BuChE rapidly
hydrolyses the bulk of the drug into the monocholine derivative, which is
finally completely metabolized by both BuChE and AChE to succinate and
choline. However, in some individuals (1:1,000 to 1:2,500, in different 0 0
populations), serum BuChE displays a defective, homozygous "atypical"
phenotype, in that it is incapable of hydrolyzing SuccCh. This causes a
prolonged neuromuscular block, often of hours duration, termed "post-
anaesthetic apnea". In addition to this characteristic inability to
hydrolyze SuccCh, "atypical" BuChE is resistant to inhibition by
solanidine, which has been proposed to be a selective advantage favoring
this particular variant over the "normal", solanidine-sensitive enzyme in
some environments. (Solanidine and related glycosteroid inhibitors of Chis
are prominent in most of the Solanus species, which include the potato,
tomato and eggplant.) Another parameter, routinely employed for
distinguishing the "atypical" phenotype from its "normal" counterpart, is
its resistance to inhibition by dibucaine, which otherwise potently and 0
irreversibly inhibits normal BuChE. Solanidine, SuccCh and dibucaine are
all assumed to interact electrostatically with BuChE, suggesting that the
mutation creating the "atypical" phenotype disrupts charge-dependent
interactions in BuChE.

There are numerous variant alleles of BCHE (Whittaker, 1986; Soreq & Zakut, 0
1990a), 10 of which reflect amino acid substitutions that alter catalytic
activity. Another 12 point mutations, insertions or deletions result in
absence of enzyme activity ("silent" mutations) in serum, or even of the
protein itself (summarized in Soreq & Zakut, 1993). A prominent mutation
of BCHE, often used in population genetic studies, is the "atypical" BuChE.
It is present with an allele frequency under 5% of the population of Europe
and a far higher incidence in the Middle East (Whittaker, 1986). This
phenotype is caused by substitution of aspartate 70 by glycine (Asp70Gly,
OAT to GGT) (NcGuire et al., 1989; Neville et al., 1990a). Resistance of
"atypical" BuChE to natural alkaloid poisons prevalent in the Middle East
(Neville et al., 1990b) raised the possibility that it confers selective
advantage (Neville et al., 1992). It is also possible that the low level
or absence of active BuChE in the serum that is characteristic of the
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"atypical" and "silent" phenotypes, respectively, results in a reduced
scavenging activity and therefore higher vulnerability to OP poisons,
including warfare nerve agents.

Other BCHI mutations were associated with known BuChE phenotypes, among
them the J variant (Glu497Val, GAA to GTA) and the K variant (Ala539Thr,
GCA to ACA) (Bartels et al., 1992ab), both of which cause reduced activity
of the serum enzyme, and a corresponding increase in sensitivity to SuccCh
during anaesthesia (Bartels et al, 1992b). In Americans Ala539Thr was
reported to be closely linked to the Gly70 mutation, and Glu497Val was
always found in the presence of Ala539Thr. A dA replacement by dG, less-
tightly linked to the above-mentioned mutations, was also reported (Bartels
et al., 1992b, referred to there as nucleotide 1914) at nucleotide position •
2073 in the noncoding region of BuChEcDKA (Prody et al., 1987).

Perhaps due to the more vital nature of AChE as compared with BuChE, there
is only one known natural mutation of ACHE that affects the mature protein
(His322Asn, CAC to AAC), common to all AChE forms, including that on
erythrocyte membranes. This mutation was first recognized as the basis of •
the Yt blood group system (Zelinski et al., 1991; Spring et al., 1992;
Lockridge et al., 1992) and has no known phenotype except as this
serological marker (Soreq & Zakut, 1993). The rare Ytk allele has a
frequency of ca. 5% in Europe (Giles et al., 1967), but is much more
abundant (10 to 20%) in Middle East populations (Levene et al., 1984).
More recently, additional phenotypically innocuous mutations of ACHE have * *
been reported (Bartels et al., 1993): a change in the codon for Pro446,
CCC to CCT, found in Americans in 100% linkage to the Asn322 mutation, and
Pro561Arg, CCG to CGG, in the precursor polypeptide of hydrophobic AChE;
this mutation was found not to be linked to the former two in Americans.

Contemporary Israel is well suited for exploration of genetic diversity, as S
there still exist relatively distinct communities, especially of older
individuals, from the waves of immigration of mhe 19th and 20th Centuries.
As it happens, there is an even greater variability of the ACHE and BCHE
genes in some of these populations than has been reported for other
populations. The Ytb allele frequency, for instance, is over 15% among
Jews from India and Pakistan, as was determined serologically (Levene et
al., 1987), and the "atypical" BCHE allele frequency is 7.5% among Jews
from Iran, as was determined biochemically (calculated from Szeinberg et
al., 1972). As we have access to these unique communities, we saw the
opportunity to compare patterns of genetic diversity in selected
communities with their known historical (geographic and ethnic) origins.
Furthermore, the recent reports of additional ACHE and BCHE mutations
provided the impetus to observe, for the first time, mutations of both
these genes in the same individuals. Earlier studies have identified the
trans-Caucasian Georgian Jewish population as one that has been
particularly insulated from admixture (Levene et al., 1984) since it was
founded at least 1,500 years ago. Hence, it was interesting to compare
allele frequencies for the phenotypically evident ACHE and BCHE mutations
in Georgian Jews to reported incidence values of corresponding phenotypes
in control populations.

C. Intramolecular relationships in ChEs
The availability of these compatible-with-life variants makes BuChE an
appropriate model for structure-function relationship studies in CHEs. 5
This has been achieved in the present study by engineering and expressing
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plasmid vectors containing various human-derived allelic coding regions for
BuChi or combined fragments from such alleles. Once modified domains
within BuChZ were correlated with distinctly altered enzyme properties,
rational site-directed mutagenesis (Russell & Fersht, 1987) was devised to
further modify key residues in the enzyme, The resultant series of
naturally occurring and site-directed mutants was employed to pursue the
roles of particular loops included in the BuChE polypeptide, to correlate
individual amino acids or domains within the molecule with the binding of
specific substrates and inhibitors, and to shed new light on intramolecular
interactions in ChEs. Furthermore, the close sequence homology of BuChE
with AChE has permitted construction of a credible 3-dimensional BuChE
model by replacement of the AChE residues by the BuChE residues in the x-
ray crystallography model of 2brpedo AChE. The near superimposability of 0
the two models assures the success of replacement of a region of one enzyme
by the corresponding reuion of the other.

Several regions of ChEs were inferred on the basis of functional properties
of ChEs. First identified were the catalytic site serine, which is
phosphorylated by OP agents, and a histidine residue which gives the 0
reaction its characteristic pH-dependence. When the x-ray crystallography
model became available, these residues were seen as Ser200 and His440.
Glu325 was also identified, in part by analogy with the catalytic triad of
the serine proteases, which use Asp rather than Glu as the ultimate proton
sink in making Ser200 an effective nucleophile. The part of the binding
site that held the acetyl (AChE) or the butyryl moiety (BuChE), was defined * *
as the acyl-binding site. The fact that substrates are choline esters
indicated a cation-binding site, and several lines of evidence, including
substrate inhibition (AChE) and activation (BuChE) suggested a peripheral
anionic site. This site has been tentatively identified on the basis of
chemical modification of specific residues, site-directed mutagenesis, and
docking experiments. 0

The x-ray crystallography model reveals a globular molecule with a narrow
20-A-deep depression leading to the catalytic site, deep within the
molecule. Choline esters, which bear a positive charge, must be
accommodated in the interior of a protein molecule. Therefore, one would
expect a compensating charge at the cation-binding site. The early 0
literature, long before any x-ray crystallography model was available,
referred to this site as an anionic site, in anticipation of an acidic
group to accommodate the substrate's quaternary amine. Unfortunately, this
prejudiced the issue, so that when the x-ray crystallography model failed
to show the predicted aspartate or glutamate at the right place, it was
assumed that no coulombic force contribute to binding of the choline 0
moiety. In fact, a tyrosine residue, number 438 in the hBuChE sequence, is
strategically located near the choline-binding site, and may very well
function as a cryptic anion, being protonated and neutral in the absence of
the substrate, being deprotonated and acidic in its presence. Consistent
with this hypothesis is the fact that the only known natural mutation at
this position (in Drosophila) places an acidic aspartate residue there. 0
The lining of the active site gorge is the passage through which substrates
and inhibitors must pass to reach the catalytic site. Not unexpectedly,
therefore, these residues, along with those of the acyl binding site, were
found by site-directed mutagenesis to contribute to the specificities that
define AChE and BuChE.
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The only common natural mutation of AChE substitutes Asp for His322 on the 0

surface of the molecule, well out of the way of the binding and catalytic
sites. The fact that the only known phenotype of this mutation is an *J

altered serotype, giving rise to the Yt blood group system, is consistent
with the absence of any catalytic role for a residue in this position. The
most common "atypical" BuChE mutation, however, replaces the Asp70 with
glycine. The site of this residue is on the rim of the active site gorge,

so this substitution has a well-understood consequence for the binding of
substrates.

D. hAChZE and hBuChE are encoded by two distinct genes
The covalent binding of OPs to the catalytic site serine in ChEs assisted
microsequencing of the radioactively labeled active site peptide 0

(Lockridge, 1984). Oligodeoxynucleotide mixtures were thereafter
synthesized with the potential to encode this peptide, and cDKA libraries
from various human tissues were screened with these radioactively labeled
oligonucleotide probes (Prody et al., 1986). The first human cDNA clone
which was thus isolated encoded BuChE, as became evident from comparison
with peptide sequencing data (Prody et al., 1987). The cDNA was A,T rich, 0
as expected from a tissue-specific gene. It encoded seven glycosylation
sites and a signal sequence reflecting the known properties of the two
enzymes and secretory nature of its protein product (Soreq & Gnatt, 1987).
The same cDNA was found in brain, muscle, lymphocytes and liver libraries,
suggesting that a single mMA transcript encodes BuChE in all tissues
(Dreyfus et al., 1988). 0

To isolate the DNA sequence encoding ACHE, oligodeoxynucleotides were
synthesized which would recognize areas in Torpedo AChECDNA (Schumacher et
al., 1986), yet did not appear in hBuChEcDNA. The first clones which were
thus found (Soreq & Prody, 1989), served to search for others until a
diverse collection of hAChZcDKA clones of various origins and lengths had •
been assembled. These clones all encoded a protein with >50% homologies to
both hBuChE and Torpedo AChE. All of the clones terminated within a short
domain of approximately 100 nucleotides, downstream from the expected 5'
end of the coding sequence. To reveal the complete coding region, a
genomic DNA fragment encoding the missing 5' domain was isolated. This was
combined with the cDNA by enzymatic restriction and ligation to yield an
AChE-coding DNA (Soreq et al., 1990). In striking contrast to BuChZcDNA,
the AChEcDRA sequence was found to be extremely rich in G,C residues (Ben-
Aziz & Soreq, 1990).

In order to find an explanation for the premature termination of the
various ACh&cDNA clones, the ACHE coding sequence was subjected to •
secondary structure analysis by the Wisconsin Program. Tightly folded
stems and loops structures spanning the common tern nation domain of the
isolated AChE cDNAs (AG" = -117 kcal) were revealed. In other systems, for
example in the adenovirus genome (Kessler et al., 1989), structures with
free energy of the same order of magnitude were shown to attenuate
transcription in vivo. It is currently assumed that the attenuator 0
sequence was responsible for the incomplete synthesis of AChEcDNAs and that
is capable of controlling AChE aRKA synthesis in vivo.

AChE and possibly BuChE are involved in the regulation of cholinergic
signaling, together with the neurotransmitter acetylcholine (ACh) and the
various ACh receptors. Tightly coordinated expression of the BCHE and ACHE 0
genes has been observed in several biosystem. In addition to tissues
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where cholinergic innervation is to be expected, like brain and muscle,
hOils are intensively expressed in various developing and tumor cells where
no cholinergic function so far has been recognized (for recent examples,
see Malinger et al., 1989; Prody et al., 1989). Furthermore, inhibition of
the two ChE activities appears to affect cellular differentiation in bone
marrow cells, where carbamylcholine or physostigmine administration induces
promegakaryocytopoiesis, AChE production and platelet formation (Burstein
et al., 1980, 1965). Other examples include sperm cells, in which OP
poisons interfere with motility (Rama Sastry & Sadavongvivad, 1979). To
approach the biochemical as well as the biological questions related to
these enzymes, a search for the human BCHX and ACHE genes and their modes
of expression was initiated.

The highly efficient catalytic activity of ChEs led to the development of
very sensitive assays for these enzymes, including gel activity staining
(Brock & Bader, 1983) based on the precipitation of ferrous-copper-
thiocholine complexes (Koelle, 1972). when human serum is thus analyzed,
various electrophoretic bands of BuChE activity may be observed. The more
abundant C1 ,- bands were all genetically linked to one locus, designated 0
CHEI, and were found to appear in all humans (Whittaker, 1986). In
contrast, the faster migrating C5 band is expressed in only about 8% of the
Caucasian population and is linked to a separate locus, designated CHE2
(Whittaker, 1986). It is currently believed that neither locus is linked
to the ACHE locus, controlling AChE production (reviewed by Soreq & Zakut,
1990).

Molecular cloning studies have revealed the complete nucleotide sequences
encoding hBuChE (Prody et al., 1986, 1987; McTiernan et al., 1986) and AChE
(Soreq & Prody, 1989; Soreq & Zakut, 1990a), making Homo sapil.is the first
species in which both CHE coding sequences have been cloned. This study
demonstrated that the genomic sequences encoding AChE and BuChE in humans
do not display a high sequence homology (Lapidot-Lifson et al., 1989), in
spite of the considerable similarity between the protein sequences encoded
by these two genes.

The lack of sequence homology between AChEcDNA and BuChEcDNA proved beyond
doubt that, in humans, AChE and BuChE are produced from two distinct mRNA 0
transcripts. However, it could not answer the question of whether these
two transcripts are produced from two independent genes or from one,
perhaps by complex posttranscriptional processing. This question became
particularly urgent in view of the findings that the BCHE and the ACHE
genes are co-amplified in leukemias (Lapidot-Lifson et al., 1989) and
ovarian carcinomas (Zakut et al., 1990). One approach to determine whether 0
the BCHE and ACHE coding regions are included in a single complex gene
would be to isolate the complete DNA sequence encompassing the regions
coding for one of these enzymes and determine whether intron sequences
included in this DNA contain the coding regions for the other. To this end
we have performed cosmid recombination experiments aimed at selecting
CHEDNA cosmid clones containing the complete BCHE coding region and their 0
use for such analysis.

Genetic linkage evidence accumulated over the years suggests that the BCHE
gene resides on the long arm of chromosome 3 (Sparkes et al., 1984; Arias
et al., 1985; Whittaker, 1986). Significant, although considerably weaker,
linkage with genes on the long arm of chromosome 16 (Lovrien, 1978) was 0
also observed. In situ hybridization with spread mitotic chromosomes
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revealed sequences complementary to BuChEcDKA on three sites, designated
CHEL , CH1.2 and CHEL3 at the respective positions 3q21, 3q26 and 16q21
(Soreq et al., 1987; Zakut et al., 1989). Recently, the isolation and 4'
mapping of 3'-extended BuChECDNA clones from brain tumor libraries
demonstrated that the 3'-additional fragment on these clones, which was
designated Gb5, originates from the unique chromosomal position 3q26-ter
(Gnatt et al., 1990). We therefore employed this unique Gb5 probe to
further assess the chromosomal origin of the CHEDNA cosmids, used
chromosomal blots from human/hamster hybrid cells to confirm our
assessment, and performed in situ hybridization under stringant washing
conditions to compare the hybridization results in blots to wem obtained
with chromosomes. Our findings support the notion of a single SCIIE gene,
localized to chromosomal position 3q26-ter, which does not include •
AChE-coding sequences, and indicate the possibility of differences between
individuals in the content of BuChEeDNA-hybridizing sequences. To complete
this aspect of the research, we undertook to map the ACHE gene as well.

E. CHE gene amplification in OP-exposed individuals
The same powerful biochemical methodology that expressed variants of the 0
BCHE gene after in vivo microinjection of Xenopus oocytes, has enabled a
search for yet more mutations. It happens that the frequency of variant
BuChE alleles in Israel is twofold that found in Europe (Szeinberg et al.,
1972), probably due to a founder effect characterizing size-limited
populations. in addition, intensive agriculture in Israel is responsible
for a relatively high exposure to OP insecticides. The combination of a * O
variant BuChE phenotype and prolonged OP exposure was exemplified in the H
family (Prody et al., 1989), where one brother was brought to intensive
care following parathion, spraying in a cotton field, and his sister
suffered from prolonged apnea following SuccCh administration at the
surgical removal of oocytes for in vitro fertilization. The serum BuChE
activities in this family were very low, which explained their •
vulnerability to OP poisoning and SuccCh administration. Moreover, 100
copies of the BDCHE gene were found in peripheral blood DNA from the family
member poisoned by parathion as well as in one of his sons. The
amplification was most intense in central sequences within the coding
region, and was, to the best of our knowledge, unique to this gene. Gene
mapping by in situ hybridization revealed labeling 10-fold higher than 0
usual, which mapped to chromosomal position 3q26-ter in lymphocyte
chromosomes from the affected individual. This implied that the amplified
DNA was probably inherited, although we could not exclude the possibility
that the amplification occurred independently in the son as a result of a
parallel insult (i.e., exposure to OP poisons at a critical developmental
stage; for further discission of this point see Soreq & Zakut, 1990a). S

The findings in this family of linkage of a defective enzyme and exposure
to OP agents on the one hand, and heritable gene amplification that appears
in all tissues on the other, indicated that this multielement phenomenon
should occur in germ cells, oocytes, or more likely, because of their large
numbers, sperm. This, in turn, is in agreement with early observations
that OP agents decrease sperm motility and, therefore, fertility (Rama
Sastry & Sadavongvivad, 1979).

F. CHE gene amplifications in tumors
When and why do genes amplify? The H family presented the first case of an
inherited gene amplification in apparently healthy human individuals. 0
There is, however, ample precedent for gene amplification in tumors. For
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example, genes encoding target proteins of toxic inhibitors amplify under 0
exposure to such inhibitors (i.e., dihydrofolate reductase in leukemias,
(Schiake, 1990)). Many oncogenes, either homologous to growth factors or
to their receptors, amplify in rapidly developing cells (i.e. epidermal
growth factor receptor in gliomas (Libermann et al., 1984)). In insects
and amphibia, developmentally essential genes amplify when high expression
is needed (i.e., chorion genes in Drosophila (Spralding, 1987)). In all
these cases, the amplified genes confer a selection advantage to the cells
and are subjected to frequent mutagenesis. However, not all of the
amplified copies are expressed.

It is not yet certain that BCHE gene amplification in the H family
reflected a response to OP exposure. Even if this was the cause of that 0
event, it could be a unique phenomenon caused by the combination of chronic
OP exposure and a variant BuChE phenotype. To examine whether this is the
case, various tumor types were screened in search for ECHE and/or ACHE gene
amplifications and mutability. Gene amplification frequently coincides
with chromosome breakage in tumors. Therefore, evidence of CHE gene
amplification was sought in tumors or disorders related to the chromosomal
3q26-ter region, which is known to frequently break. This occurs in
leukemias and platelet disorders (Pintado et al., 1985). Furthermore, ChE
inhibitors such as physostigmine induce platelet production in the mouse
(Burstein et al., 1980), which indicates that the BCHE gene is actively
involved in megakaryocytopoiesis. DNA hybridization revealed that in
leukemias and platelet disorders, both the BCHE and the ACHE genes are •
amplified. Co-amplification probably occurs in response to a single
stimulus, as it was observed in a large fraction of the cases examined
(Lapidot-Lifson et al., 1989).

Another tissue type where CHE gene amplification was sought was the ovarian
tumor, where cytochemical staining demonstrated overexpression (Drews, 6
1975). Here again, both BCHE and ACHE genes were amplified (Zakut et al.,
1990). There was good correlation between the levels of CHE gene
amplifications in ovarian tumors and the parallel amplification of several
oncogenes. However, there was neither BCHE nor ACHE gene amplification in
gall bladder tumors (unpublished observations), demonstrating that the
phenomenon of gene amplification also depends on the nature of cells where 0
it occurs.

The abnormalities in ChE expression observed in tumors, as well as a
previously unforeseen peptide motif present in ChEs which makes them
potential substrates for phosphorylation by CDC2 kinases, suggest a
molecular mechanism that may link these enzymes to the cell division
process.

G. The role of ChEs in hematopoiesis
Besides its activity in terminating neurotransmission (Taylor, 1990),
accumulated evidence associates acetylcholinesterase (AChE) with growth of
several cell types (Bartus et al., 1982; Soreq & Zakut, 1990a; Soreq et S
al., 1990), including hematopoietic cells (Dreyfus et al., 1991; La Du,
1989). Furthermore, exposure to AChE-inhibitory insecticides increases the
risk of leukemia (Brown et al., 1990).

Mammalian hematopoiesis is a continuous process which includes cell
proliferation, differentiation and programmed cell death (apoptotic) events S
characteristic for each of the hematopoietic cell lineages (for reviews see
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Metcalf, 1992; Koury, 1992). Following bleeding or hypertransfusion, S
normal hematopoietic cell composition can be restored by changing this
balance (Koury, 1990). However, the mechanisms responsible for such 4
adjustment are not yet fully understood and candidate proteins involved in
the maintenance of the fine hematopoietic balance are sought. The
acetylcholine hydrolyzing enzymes acetyl- and butyrylcholinesterase (AChE,
BuEhZ) may be considered for such hematopoietic role since both these 0
enzymes are expressed in mammalian hematopoietic cell lineages (Burstein et
al., 1980; Toutant et al., 1990; Soreq & Zakut, 1990a). Moreover, a growth
regulatory role has been recently postulated for ACHE in hematopoiesis
(Paoletti et al., 1992) and a high risk to develop leukemia was correlated
with exposure to ChE inhibitory insecticides (Brown et al., 1990); in
addition, the ACHE and BDCE genes reside on chromosomal domains which break
frequently in hematopoietic malignancies (Gnatt, 1990; Ehrlich et al.,
1992) and are subject to gene amplification and mutability in leukemias
(Lapidot-Lifson et al., 1989) and in other blood cell abnormality
syndromes, including platelet deficiency associated with Lupus
erythematosus (Zakut et al., 1989). Morover, acetylcholine analogs and
ACHE inhibitors were found to induce murine platelet production in vivo •
(Burstein & Harker, 1983) and AS-oligo inhibition of BCHE mRNA interfered
with production of megakaryocytes (NK), the platelet progenitors, in
interleukin 3-treated murine bone-marrow cultures (Patinkin et al., 1990;
Lapidot-Lifson et al., 1992).

The large, polynucleated ME survive in the circulation for about 10 days 0 0
and then are destroyed by the reticuloendothelial system (Mazur, 1987).
Understanding of the biochemical mechanisms controlling
megakaryocytopoiesis and platelet levels may hence lead to the development
of selective treatment paradigms to platelet deficiencies
(thrombocytopenias), which may cause bleeding, and excess (thrombocytosis),
which may lead to blood vessel clotting (Handin, 1991). Malignancies, 0
autoimmune diseases, chronic infection, irradiation, chemotherapy, and
various drugs all perturb the balance of platelet counts (see Zakut et al.,
1992, for a recent example). Many, if not all of these etiologies may
develop through the distortion of specific signaling processes. Here, we
report the in vivo use of AS-oligo inhibition of ACHE mRNA (AS-ACHE) to
study this issue. •

Antisense oligodeoxynucleotides (AS-oligo) are short, 15-20 mer synthetic
DNA sequences which are actively taken up by living cells (Loke et al.,
1989) where they hybridize with their target complementary mRNAs to create
double-stranded DNA-mRNA hybrids (Ghosh et al., 1992). This can expose
these cellular nRNAs to nucleolytic degradation by R~ase H (Woolf et al., •
1990), prevent correct splicing (Chiang, et al., 1991; Kole et al., 1991)
and interfere with aRNA translation (Boiziau et al., 1991). AS-oligos may
be protected from nucleolytic degradation by the insertion of
internucleotide phosphorothioate groups (Eckstein, 1985; Spitzer & Ekstein,
1988; Matsukura et al., 1987). This turns them into stable, long-duration
drugs (Shaw et al., 1991; Agrawal et al., 1991; Hoke et al., 1991), of 0
potential importance for basic research as well as for clinical use,
particularly when their target mRNAs are essential for crucial biochemical
pathways or developmental processes (Bielinska et al., 1990). AS-oligos
targeted against several oncogenes were shown to arrest hematopoietic cell
proliferation (Szczylik et al., 1991; Wickstrom et al., 1988), growth
(Calabretta et al., 1991), entry into the S phase of the cell cycle 0
(Heikkila et al., 1987) and cell survival (Reed et al., 1990). Moreover,
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AS-oligo to c-myb was shown to arrest leukemia in vivo (Ratajczak et al.,
1992).

To examine whether ACHE is involved in controlling hematopoietic
composition in general and MR development in particular, we treated mature
female mice with phosphorothioate AS- . To monitor the effects of this
treatment, we combined differential cell counts with a kinetic follovup of S
polymerase chain reaction products (RNA-PCR). In situ
hybridization with [ 3 5 S]-labeled ACHE and BuMhicRKA probes, followed by
computerized quantification of the hybridization data, was used to
associate mRMA levels with specific cell types. Our findings demonstrate
involvement of the ACHE gene in maintenance of hematopoietic balance and
foreshadow the use of AS-ACHE to transiently modulate hematopoietic cell 0
composition by selective suppression of its target mRM.

1
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II. NATERIALS AND METHODS •

A. MATERIALS
Diisopropylfluorote (DFP) was purchased from Aldrich Chemical Co.
(Milwaukee, WI), and ecothiophate was a product of Ayerst Laboratories
(Montreal, PQ, Canada). Restriction enzymes, T. polynucleotide kinase, T.

DNA ligase and double-stranded (ds) M13 cloning vector M13np18RF were from 0
Boehringer/Mannheim (Mannheim, Germany). In vitro transcription kits were
from Amersham International (Amershan, UX), and the reactions performed as
detailed elsewhere (Ben-Aziz & Soreq, 1990) using CAP analogue
(Pg5'-(7-methyl) guanosine-P3-5'-guanosine triphosphate) from Pharmacia
(Uppeala, Sweden). f. coli strains XV1190 and CJ236 were from
International Biotechnologies Inc. (New Haven, CT). Radiochemicals were 0
purchased from Amersham International, and unless otherwise noted, all
other chemicals were from Sigma Chemical Co. (St. Louis, NO), of the
highest grade available.

BCHZ mutagenic primer oligonucleotides supplied by Microsynth (Windisch,
Switzerland) were: 0

pCC TAT GGG ACT CCT GAC TCA GTA AAC TTC GGT-OH for Leu286 to Asp;
pCC TAT GGG ACT CCT AAG TCA GTA AAC TTT GG-OH Lys;
pCC TAT GGG ACT CCT CAG TCA GT& AAC TTT GG-OH Gln;
pCC TAT GGG ACT CCT CGG TCA GTA AAC TrT GG-OH Arg;

pAA GGG ACA GCT GT TTA GTC TAT GGT-OH Phe329 to Cys;
pAT GMA GGG ACA GCT GAT TTA GTC TAT GGT GC-OH Asp; S 0
pAT GAA GGG ACA GCT CTT TTA GTC TAT GGT GC-OH Leu;
pAT GAA GGG ACA GCT CAG TTA GTC TAT GGT GCT-OH Gin:

pTC TTT GGA GAA TGT GCA GGA GCA-OH Ser198 to Cys;
pC TTT GGA GM ACT GCA GGA GCA G-OH Thr;

pACT CTC TTT GGA GAA GAT GCA GGA GCA GCr TC-OH Asp;
pA ACT CTC TTT GGA GAA CAG GCA GGA GCA OCT TCA-OH Gln; 0

pACT CTC TTT GGA GAA CAT GCA GGA GCA GCT TC-OH His.

Underlining indicates mismatched bases, as compared with wild-type
Bu~hEcIDA, and the substituted amino acids are shown in parentheses. The
homologous (-) strands were also synthesized for use as mutagenic primers.

External primers for PCR mutagenesis were pART GCT CCT TGG GOG CTA AC-OH
(+841 to +860) and pTC CAG AGG TA ACC AMA G•C-OH (-1511 to -1492) for use
with the restriction nucleases XbaI and StuI in the mutagenesis of Leu286
and Phe329; and pGCC ACT GTA TTG ATA TGG A-OH (+478 to +496) and pTC AGT
CTC ATT CTC TCT AG-OH (-935 to -917) for use with Aval and BamHfZ in the
mutagenesis of Ser198. In vitro transcription kits were from Amershau 0
International.

B. Biochemical (enzyme) measurements
1. Preparation of enzyme
Expression in and extraction of enzyme from oocytes has been detailed
elsewhere (Neville ct al., 1990a,b) and is described below under 0
"Expression, synthetic RNA preparation and microinjection."

Xenopus embryos were harvested in groups of 3 to 5 apparently normal
individuals and stored frozen until used. Homogenates were prepared in a
high salt/detergent buffer (0.01 N Tris, 1 N MaC1, 1% Triton X-100, 1 mH
"GTA, pH 7.4; 150 )d/embryo), microcentrifuged for 20 min in the cold and 0

assayed for enzymatic activity using the colorimetric assay employing
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acetylthiocholine (ATCh) as substrate, as detailed elsewhere (Neville et
al., 1992). A 30 to 40 sin preincubation with specific inhibitors was
performed prior to inhibition tests.

For assay of subcellular fractions, groups of 3 embryos were homogenized in
LS buffer (0.02 X Tris-HCl, pH 7.5, 0.01 N HgCI 2 , 0.05 H NaCi; 100

l/embryo) and centrifuged at 100,000 rpm for 10 min in a Beckman TLI00
tabletop ultracentrifuge. The supernatant fluid was defined as the low
salt-soluble fraction. The sediment was resuspended in LSD buffer (0.01 N
phosphate buffer, pH 7.4. 1% Triton X-100), incubated on ice for 1 hr, and
centrifuged as above for 5 sin. This supernatant fluid was defined as the
membrane-associated fraction. This sediment was resuspended in HS buffer
(0.1 N phosphate, pH 7.4, 1 N MaCl, I mM EGTA) and the supernatant fluid
following centrifugation was defined as the high salt-soluble fraction and
was considered to represent extracellular matrix associated ACHE.

2. Spectrophotometric determination of enzyme activities and inhibitor
studies

These assays were performed using the Ellman method (Ellman at al., 1961) 0
with the modifications previously described (Neville et al., 1990a).
Briefly 5, 10 or 20 pI aliquots of oocyte supernatant fluids were added to
170 )L1 of 0.1 M phosphate buffer at pH 7.4 containing 0.5 mM
5,5'-dithionitrobenzoic acid in 96-well microtiter plates. Reactions were
initiated by the addition of 20 pl of butyrylthiocholine (BTCh) (final
concentration 1 mM or 10 aM) and activities monitored by following the 9 0
appearance of colored reaction product at 405 nm in a Vmax Kinetic
Nicroplate Reader (Molecular Devices) equipped with the Softmax program for
automated determination of hydrolysis rates.

For inhibitor studies, a preincubation period of 30 min was employed prior
to the addition of substrate. Solanidine was initially dissolved in
dimethylsulfoxide (DSO) and then diluted to 16% (v/v) with H20 to a stock
concentration of 10 mM. alpha-Solanine and alpha-chaconine were each
dissolved in 400 pI 0.1 M HC1 and made up to 2 ml with double-distilled
H20. Stock solutions of all Solanum alkaloids were 10 mM. Reaction
mixtures subsequently contained 0.16% DHSO which by itself failed to
influence BuChE activities. Final BTCh concentrations were 10 aM in 0
dibucaine and solanidine experiments, and I mM in Succdh and 2-PAN
experiments. For Km determinations, the substrate concentration range was
0.1 mM to 20 mM. For reactivation experiments, 2-PAN was dissolved in 0.1
M NaC1 at a stock concentration of 100 mN and pH adjusted to 7.4. Since
2-PAN itself causes hydrolysis of thiocholine ester substrates (Karlog &
Peterson, 1963), a modified assay was required in the reactivation 0
experiments. Briefly, 20 )Al oocyte homogenates were added to 30 )LI of 0.1
N phosphate buffer containing either 0.5 pM DFP or 10 mH 2-PAN. For
reactivation analyses, a 30 min preincubation with DFP was followed by the
addition of 2-PAN for a further 2 hr period. Subsequently, 10 1l aliquots
were removed for BuChE activity measurements as detailed above.
Determinations of K. and ICso values were performed as previously described 0
(Neville et al., 1992).

3. Enzyme-antigen immunoassay (ERIA)
Mouse anti-human serum BuChE or anti-human erythrocyte AChE mAbs (53-8 and
101-2, respectively, from Dr. J. Liao) are bound to Licrotiter plates
(Nunc, Roskilde, Denmark) at 0.5 pg/ml in 0.1 M carbonate buffer, pH 9.6, 0
for 4 hr at room temperature. The plate is then washed three times in PBS-
T buffer (144 mM NaC1, 20 mM phosphate, pH 7.4, 0.5% Tween-20). Free
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61
binding sites at the well surface of the microtiter plate are blocked by 0
addition of 1% bovine serum albumin in PBS-T for 1 h at 37 *C. After
washing three times with PBS-T, enzyme is added at a concentration of 100
.IU/ml in PBS-T for 3 hr at room temperature with agitation. The plate is
washed three times with PBS-T before use.

4. Rates of reaction with OPs
Mazymes were immobilized in the wells of microtiter plates which had been
coated with anti-BuChE antibodies (Liao et al., 1992), then exposed to DFP
for varying times. The DFP was washed away and assay of remaining activity
was performed in 20 mx BTCh. Linear regression analysis of plots of the
logarithms of remaining activity vs. time of exposure to DFP yielded
pseudo-first order rate constants for the inactivation reaction.

5. Sucrose gradient analysis of AChE subunit assembly
Freshly prepared, high salt/detergent extracts from I to 2 embryos or 5 to
10 oocytes were applied to 12 ml 5 to 25% linear sucrose density gradients
and centrifuged overnight at 4 °C (4)2t = I.06x10 12 ). Fractions of 270 )Al
were collected into 96-well microtiter plates and assayed for AChE activity 0
as previously described. To distinguish between endogenous Xenopus AChE
and recombinant hAChE (rhAChE) in gradient fractions, enzyme antigen
imiunoassay (EAIA) was employed (see Liao et al., 1992). Gradient
fractions were divided to generate two replicate plates for each sample.
Aliquots of 100 pl were transferred to a Maxisorp immunoplate (Nunc) coated
with a monoclonal antibody (mAb 101-1) that recognizes human but not frog 0 *
ACHE, and diluted 1:1 with double-distilled water to reduce the high salt
and sucrose concentrations. Following overnight incubation, the plates
were washed 3 times with PBS containing 0.05% Tween 20 and each well was
assayed for AChE activity. Another 100 ta was transferred to a Nuclon
Microwell polystyrene microtiter plate (Nunc) and assayed for total AChE
activity, including both that contributed by rhAChE and the endogenous
Xenopus enzyme.

C. Molecular biology
The following standard methods were performed as detailed in Sambrook et
al. (1989), or according to the recommended procedures in the noted
commercial kits: 0

Plasmid mini/large preparations; restriction endonuclease digestions
DNA fragment electroelution/Geneclean
DNA ligations
Bacterial transformation
Labeling of DNA probes (oligodeoxynucleotide end-labeling, random
prime labeling of DNA fragments)
Total RNA extraction from human tissues and preparation of
poly(A)+RNA samples; DNA and RNA blot hybridization analyses.

1. Libraries
Libraries screened included: FEB (fetal brain); NBG (neonatal basal
ganglia, donated to the American Type Culture collection by RA Lazzarini), S
FEL (fetal liver, Prody et al., 1987); ABG (adult basal ganglia,
constructed during the course of this study); and a human genomic DNA
library (BRL, Gaithersburg).
Human tissues were dissected from the following adult and fetal sources:

Adult, 70 years old - basal nuclei, cerebellum, brain stem
Fetal, 18 weeks gestation - hippocampus, basal nuclei, heart, cells 0

K562-human erythroleukemia cell line was received from E. Kedar, Jerusalem.
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2. Screening procedures
Tissues expressing translatable AA2PRA were identified by a Xenopus
oocyte bioassay (Soreq et al., 1984). Complementary DNA libraries were
then constructed from polyAmENA from fetal human muscle and from total RMA
from adult basal brain nuclei in the lambda gtl0 and lambda ZapII phage
vectors (Stratagene, Heidelberg), respectively. Additional cDMA libraries
which were screened are detailed under Results.

Oligodeoxynucleotides were 5k-end-labeled and differential library
screening was performed by plaque hybridization (Prody et al., 1987), using
the 35-mer-oligodeoxynucleotide CTACHE, 5'ATG TAC TAC GTG ACC TTC TTG GTC
MAG CTG GTG AT3', complementary to the sequence that encodes the peptide 0
sequence Tyr-Net-Net-His-Trp-Lys-An-Gln-Phe-Asp-His-Tyr present in the
C'-terminal region of Tbzpedo AC(Z (Schumacher et al., 1986), and in which
G or C residues were inserted in positions where codon ambiguity presented
a choice between G and T or between C and A. This probe was designed not
to hybridize with BuChZoDNA, as the parallel peptide of hBuChE differs in 3
of these 12 amino acids (Prody et al., 1987; NcTiernan et al., 1987). S
Exclusion of false positives was then accomplished with OPSYNO (Prody et
al., 1987), a mixed oligonucleotide probe expected to hybridize with both
BuChEcDNA and AChEcDNA since it encodes the peptide Phe-Gly-Glu-Ser-
Ala-Gly-Ala-Ala-Ser-Val found in the active esteratic site peptide of
hBuChE (Prody et al., 1987; McTiernan et al., 1987) and differing from the
parallel peptide of Torpedo AChE by only one amino acid, tryptophan in the * 0
above sequence, glycine in Torpedo AChE (Schumacher et al., 1986)].

3. DNA sequencing reactions
Sequencing reactions were performed using a commercial kit (Sequenase
version 2, United States Biochemical Corp., Cleveland, OH). To maximize
reliability in sequencing the G,C-rich fragments obtained in the screening, 0
both strands were sequenced using multiple adjacent sequencing primers
(Fig. 1A). In addition, reduced nucleoside triphosphate concentrations,
replacement of guanosine nucleotides by inosine, and the inclusion of Mnn2
in sequencing reactions, all according to producers' recommendations, were
found to be useful. Also, sequencing was repeatedly performed on the same
DNA regions using the single-stranded (ss) phage M13 and the double- S
stranded (ds) pG]t and PUC118 plasmids. Finally, the combination of
Sequenase DNA polymerase with single-strand binding protein (SSB) (United
States Biochemical Corp.) resolved densely packed sequence domains.
Wherever noted, annealing of ACHE-specific sequencing primers was performed
at 72 OC, to circumvent the high G,C-rich content of the analyzed
sequences. Also, reading included comparison of sequence data from both S
directions and with variable distances from the primers employed.

4. In vitro transcription
The construct encoding human ACHE was subcloned into the pSP64
transcription vector (Promega) essentially according to Krieg & Melton
(1984). In vitro transcription and concomitant 5' capping of 5 pg plasmid 0
DNA samples were carried out using commercially available kits from
Amersbam International at 40 "C following the enclosed manuals, except
where mentioned otherwise. The G,C-rich ACHE DNA transcribed inefficiently
by SP6 RNA polymerase, far less than the related A,T-rich cDNA encoding
BuChE (Soreq et al., 1989). To reduce the level of DNA folding and
increase initiation rates from this G,C-rich DNA, SSB was employed. SS is 0
known to improve the quality of DNA sequencing from G,C-rich domains
(Williams et al., 1983), and in our hands it significantly enhanced
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transcription as well, as indicated by agarose gel electrophoresis
(Ben-Aziz A Soreq, 1990). Unfolding of tight ORA structures was further A.
ensured by retaining the G,C-rich insert within its circular plasmid DNA
rather than transcribing it in a linear form.

The generally recommended protection of in vitro transcribed mUNAs by the 0
addition of 5' *,G(5' )ppp(5' )G cap analog presents a third technical
difficulty in transcription of G,C-rich genes, as it involves reduced
concentrations of GTP (1/8 of the level of other NTPs). This, in turn,
interferes severely with the correct elongation of G,C-rich transcripts.
However, post-facto capping was, in our hands, much less efficient than
capping done concomitantly with transcription. The "capping" reaction was 0
hence performed in the presence of fourfold higher GTP levels than those we
use for A,T-rich transcripts. Together, the addition of SSB, the use of
circular plasmaids and the elevation of GTP levels resulted in an
approximate 10-fold increase in the amount of G,C-rich transcripts produced
in vitro, yielding an equal transcription efficiency for the G,C- and the
A,T-rich sequences (Ben-Aziz & Soreq, 1990). •

5. RNA-PCR procedure
For RNA-PCR analyses, total RNA was extracted by the guanidine thiocyanate
method (Cinna/Biotecx, Houston, TX). Random hexamer primers (Boehringer/
Mannheim) were employed for cDNA preparation (0.4 jAg RNA/sample) using the
MMLV reverse transcriptase (Gibco, BRL, Gaithersburg, MD), essentially as * *
described elsewhere (Lapidot-Lifson et al., 1992). PCR amplification in
the 9600 Thermal Controller (Perkin-Elmer/Cetus, Norwalk, CT) (35 cycles)
was performed using the noted primer pairs as follows: denaturation 94 OC,
1 min (first step 2 min); annealing 65 OC, 1 win; synthesis 72 OC, I min
(last cycle 5 min). Amplification products (20%) were electrophoresed (7
V/cm, 60 min) on 1.6% agarose (International Biotechnology, Inc., New
Haven, CT) gel containing ethidium bromide (0 pg/ml) with TAX (0.04 N
Tris-acetate, 2 mi EDTA) as electrophoresis buffer, and were photographed
under 320 na illumination. Control reactions, without reverse
transcriptase, remained negative, proving the absence of contaminating DNA
sequences complementary to the relevant AChEMRNA.

The following ACHE primers (nos. 1-12, numbered according to their position
in the hAChE upstream and coding sequence, and noted as upstream (+) or
downstream (-) according to their orientation (all are 5' to 3') were used:

(1) 555+: CTGTGAGGCCCGGAGGACGCCG
(2) 670+: GCTCGGCCGCCTCAGACGCCG
(3) 705+: GGGACTCTCCTTAAGGCCCGGACGcC 0
(4) 739+: TGCGCTCCCCGAGGGACGCC
(5) 1000+: TACCCGAGCTGCGCAGACGCCG
(6) 614+: CAGCCTGCGCCGGGGAACATC
(7) 623+: GGGAACATCGGCCGCCTCCAG
(8) 664+: GGCCCGGCTCGGCCGCCTCA
(9) 590+: CGGCGGCTGTCAGAGTCGGCT

(10) 2623-: TCCTCGCTCAGCTCACGGTrGGG
(11) 1522+: CGGGTCTACGCCTACGTCfTTGAACACCGTGCTTC
(12) 1797-: CAGGTCCAGACTAACGTC

Amplification products (20%) were electrophoresed as described and were UV
photographed (320 rin). Control reactions, without reverse transcriptase, 0
remained negative, proving the absence of contaminating complementary DNA
sequences.
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6. Construction of variant transcription vectors
For ACHI expression studies, contiguous DNA fragments from cD•A and genomic
clones were ligated following digestion with appropriate restriction
enzymes. Sequence continuity in the chimeric DNA product was confirmed by
repeated sequencing across the ligation point, after which it was subcloned
into the pGfI transcription vector behind the SP6 RNA polymerase binding
site (Promega, Madison, WI).

Three naturally occurring variants of hBuCh•cDHA were used to engineer
mutated BCHI plasmids. Clone I: wild-type BuChEcDNA including Asp 7 0,
Tyr114, Ser425, Glu441, Iie442, Glu443 and Phe561 (Prody et al., 1987).
Clone II: double-mutated Gly70/Pro425 BuChbcD•A derived from neuroblastoma
and glioblastoma tumors (Gnatt et al., 1990). Clone III: a Bu0hBcDHA
encoding the amino acid substitutions Asp70Gly, Tyr114His and Phe561Tyr
(Gnatt, 1990). PstI and BamHI restrictions were employed to derive two
fragments from each of these clones; 800 bp from the coding region and 4.6
kb consisting of the remaining 1600 bp from the BuChE coding region plus
the 3 kb pSP64-41 plasmid. Fragments were isolated by gel electrophoresis
and electroelution or Geneclean II Kit (Bio 101 Inc., La Jolla, CA) and
were religated in various combinations to generate nine constructs.
Briefly, the ligation mixtures contained 20 ng of the larger 4.6 kb
fragment and 100 ng of the 800 bp PstIIBamHI fragment. To these, 2 1il of
loX ligation buffer, 10 AM ATP and 50 mM dithiothreitol were added followed
by the addition of 2 IAl1 of T4 DNA ligase (I Uh/l) in a total reaction
mixture of 20 Ul and overnight incubation at 4 *C. To prepare Clone IV, S
the 800 bp BaufXllHindII fragment of Clone I, which encoded the tripeptide
Glu441-Ile442-Glu443 (EIZ) of interest, was ligated into the BaulhI/Hindil
restricted M13mp18R' vector and subjected to site-directed mutagenesis
according to the method of Kunkel et al. (1987) with minor modifications.
Recombinants were identified via formation of beta-galactosidase-negative
colorless plaques and were used to infect f. coli MV1190 cells and prepare
single-stranded (ss) phage DMA, which was used to subsequently infect E.
coli CJ236 (dut-/ung-) bacteria for 18 hr growth in 100 ml of LB-Mg medium
supplemented with 0.25 )ig/ml of uridine. Uracil enriched phages were
precipitated by adding 5.5 ml of 20% PEG/2.5 N HaCl to 22 ml aliquots of
the overnight culture; kept on ice for I hr and centrifuged at 5,000 x g
for 15 min. Sediment from the 88 al culture was dissolved in 6 ml TE
buffer and 1.5 ml aliquots transferred to microcentrifuge tubes, placed on
ice for 60 sin and centrifuged at 5,000 x g for 15 sin. Supernatant fluids
were extracted twice with phenol and once with chloroform, and the
uracil-enriched ssDNA precipitated overnight at -20 *C with 1/10 vol 3 N
NaCl and 2.5 vol ice-cold ethanol.

7. Site-directed mutagenesis of BuChE transcription vectors
A 26-mer minus strand oligonucleotide (30 ng), 5'-
AAGACAAATrGAATTCCATAGCCATG-3', spanning nucleotides 1471-1496 of the
hBuChbcDHA coding sequence (Prody et al., 1987) containing two mismatches
directed at the Glu441-Ile442-Glu443 coding sequence, was phosphorylated
using polynucleotide kinase and hybridized to 1 jig uracil-enriched ssDUA 0
template according to the protocol of Kunkel et al. (1987). In vitro DNA
synthesis was performed with T4 DNA polymerase in conjunction with T4 DNA
ligase and 20 pl of the 100 )l reaction analyzed by 1% agarose gel
electrophoresis in the presence of 0.5 Llg/al ethidium bromide.

Twenty microliter samples of the resultant double-stranded DNA (dsDNA) were
used for transformation into competent f. coli MV1190 cells (Sambrook et
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al., 1989) and kept on ice for 2 hr, after which time 200 1lI of log growth
f. coli MV1190 cells and 3 al top agarose were added. The entire
suspension was mixed thoroughly and immediately plated out on prewarmed
LB-Mg plates and plaques grown overnight at 37 *C. Positive plaques were
identified by hybridization to the [33P]-labeled oligonucleotide, picked
and grown for 6 hr in 4 ml LB-mg containing 1:100 of an overnight culture 0
of X. coli NV1190 cells. The ds RF form of M13 was then isolated by the
lysozyme extraction technique as is used for plasaid minipreparations
(Sambrook et al., 1989), and the isolated DNA was restricted with EcoRI4 to
reconfirm that these were true positives. Phage supernatant fluids saved
from these minipreparations were added to 500 ml LB-Mg containing 5 ml of
an overnight culture of f. co1i MV1190 cells and the dsN13 replicating form 9
(RF) DNA prepared according to the Triton lysis method (Sambrook et al.,
1989). Mutated DNA encoding the resultant Gly441-Ile442-Gln443 sequence
was then restricted with BamHX/lfindXI and the resultant 800 bp fragment
isolated by either electroelution following 1% agarose gel electrophoresis
or by the use of Geneclean II Kit and religation into the pSP64-41
expression plasmids encoding either Asp70 or Gly70 to generate constructs 0
No. 10 and 11. Plasmid minipreparations of colonies successfully grown on
LB Ampicillin (50 )g/ml) plates were performed using the boiling
minipreparation technique and the resultant plasmid DNA restricted
separately with EcoRX or BamHhIiHindXI to isolate positive clones encoding
the Gly441-1e442-Gln443 sequence. Large plasmid DNA preps of these
recombinant clones were then performed by the Triton lysis method, and DNA * *
sequence confirmed across the mutagenesis site prior to its use for in
vitro transcription.

Further mutagenesis of the wild-type hBuChEcDNA SP6 transcription vector
(Prody et al., 1987) was performed in one of two ways. Met437Asp and
Tyr440Asp were constructed by the method of Kunkel et al. (1987), as
detailed (Neville et al., 1992). All other mutants were constructed using
PCR mutagenesis as described by Higuchi (1990). Briefly, complementary
pairs of internal, mutagenic oligonucleotides were synthesized for each
mutation. These primers were identical to the wild-type BuChEcDNA sequence
except for base substitutions in the primer encoding the desired amino acid
alteration. Each was employed as one of the primers in separate PCR
reactions with the nonmutated BuChE sequence template. The other, external
primer lay beyond a unique restriction site. Purification of the PCR
products by gel electrophoresis and QIAZX gel extraction kit (Qiagen Inc.,
Chatsworth, CA) resulted in two fragments with only the mutagenic primer
sequence in common. These were then nixed, denatured and annealed,
producing some hybrids in which only the mutagenic primer sequence was
double-stranded. This mixture was then amplified by PCR, using the
external primers to construct a fragment that included the mutant and was
bracketed by the two restriction sites. The resultant DMA was restricted
with XbaX and StuX (or AvaX and BamflI) and ligated into the similarly
restricted BuChE transcription vector. To confirm the outcome of this
process, the region generated by PCR amplification was subjected to
sequencing, es oying the external primers and Circumvent sequencing kit
(New England -iAobs, , Beverley, MA) or the Sequenase system (United States
Biochemical Corxa,.

8. Construction of a BuChZ/AChE chimera
A 232 bp fragment was deleted from the BuChE coding sequence (nt333 through
nt564, Prody et al., 1987) by restriction with Aval and BsaI. The parallel
fragment in the AChE coding sequence (nt438 through nt666, Soreq et al.,
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1990) was PCR amplified, using oligodeoxynucleotide primers designed to
introduce novel Aval and BsmI restriction sites. The primers were:
(+) 438 (-) 666

5'- AA-3' 5'-
T C AG'TCGTACAC-3' •

The signs (+) and (-) denote upstream and downstream orientations,
respectively, and the starred residues, the site where the AOhIcDKA
sequence was diverted into the customized AvaZ and RsmI restriction sites.
Digestion of the PCR product with these enzymes, followed by ligation with
the appropriate 3' and 5' DuChicDRA fragments, completed the chimeric 0
coding sequence. This sequence was propagated in the SP6 transcription
vector (Neville et al., 1992). Accuracy of the replaced fragment was
verified by DOA sequencing.

D. Expression
1. Synthetic RNA preparation and oocyte microinjection 0
Transcription in vitro from each of the above constructs was performed with
the SP6 RNA polymerase essentially as detailed elsewhere (Soreq et al.,
1989), and concomitantly with 5'-capping of the produced mRNA transcripts
(Zakut et al., 1988). The efficiency of transcription was estimated by
analytical agarose gel electrophoresis. Equal amounts of each of the
transcripts were injected into mature (stage 5-6) Xenopus laevis oocytes * 0
essentially as previously detailed (Soreq et al., 1989). Briefly, frogs
were anaesthetized on ice and oocytes dissected and gently dispersed in
Barth's medium -- 80 mM MaCi, I mH KCI, 0.3 AN Ca(N03) 2 , 1.6 mM MgSO,, 2.4
AM NaHCO3 , 0.4 so CaCl,, 2 mM Tris HC1, pH 7.4 -- supplemented with 400
mg/i streptomycin sulfate and penicillin G. At least 30 oocytes were
injected with each MRNA preparation in several independent experiments (2 0
ng mRNA in 50 nl H20 per oocyte). Parallel groups of oocytes were injected
with Barth's medium and these served as controls. Incubation was in 96
well microtiter plates for 18 h at 19 OC in groups of 10 oocytes, each
group incubated in 200 4I Barth's medium.

Following incubation, oocytes were removed from wells and were homogenized 0
in 1 .1/30 oocytes of 10 AN Tris HCM buffer pH 7.4 containing 1 N MaCi, 1%
Triton X-100 and 1 mM EGTA. Homogenates were centrifuged at 4x105 x g for
5 min in a Beckman TL100 tabletop centrifuge (TLA.100.2 fixed angle rotor).
Clear supernatant fluids were gently removed and either used immediately
for enzymatic analyses or frozen at -20 "C for later use.

Generally, nonlinearized plassid DNA (5 pg) was transcribed in vitro,
except for some constructs which were linearized by Sacd prior to
transcription. In these microinjection experiments, the normal BCHE clone
(I) was also linearized by Sac! prior to transcription. In these cases,
150 nl RNA (0.2 )ig/pl) was injected. Also, parallel amounts of control RNA
were injected into each control oocyte.

2. DNA microinjection into Xenopus oocytes and embryos
DNA microinjections into Xenopus oocytes were essentially as described for
RNA, except that oocytes were subjected to a 10 min centrifugation (600 x
g) prior to injection (50 ng/oocyte). To produce embryos, female Xenopus
laevis were induced to spawn by injection with human chorionic gonadotropin 0
(hCG) 24 hr prior to the experiment. In vitro fertilization was
accomplished with macerated testis from hCG-treated males in 0.1 X HMR
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buffer (iR = 100 mI HaCl, 2 on KCR, 1 Us NgSO.. 2 aN Cat12 , 0.5 UN HEPs,
0.1 AN EDTA, pH 7.4) (Ruiz i Altaba et al., 1989). Fertilized eggs were
dejellied for 2 hr in 2% cysteine and incubated in 0.3 I MR containing 5%
Ficoll. Cleaving eggs were injected with 2 to 5 ng DNA within the first 2
cleavage cycles and cultured overnight at 17 "C in 0.3 X -m buffer. One-
day-old embryos were transferred through successive dilutions to 0.1 I MM,
and after 2 days to aged tap water. Embryos were harvested by freezing
groups in liquid nitrogen and stored frozen until used.

3. Protein blot analyses
rhR•Jh was purified from approx. 180 day 1 C(SVACHE-injected embryos by
affinity chromatography, using a modified procedure for the purification of
native hAChZ (Gennari & Brodbeck, 1985). Briefly, AChE from embryos
homogenized in LSD buffer was bound to Sepharose beads carrying N-(l-
aminohexyl)-3-dimethylethyl-aminobenzoic aside by shaking overnight at room
temperature. Elution was with 0.02 N edrophonium chloride (Tensilon,
Hoffnann-LaRoche, Switzerland). Embryonic Zenopus AChE was similarly
purified from 1-week-old tadpoles, but had to be eluted by boiling in 0.1%
SDS. Denaturing SDS polyacrylamide gel electrophoresis and blotting were
essentially as described elsewhere (Liao et al., 1992) using a pool of
monoclonal antibodies (mAbs; 132-1,2,3; 6 jig/al each) raised against
denatured human brain AChE (Brodbeck & Liao, 1992).

4. SDS-PAGE and immunoblot of oocyte proteins 0 •
Following oocyte microinjections and overnight incubation at 16 *C, some of
the microinjected oocytes were homogenized in 15 jil/oocyte of a low
salt/detergent buffer (0.1 N Na 2 HPO. containing 1% Triton-X 100, pH 7.0)
and sedimented in a microcentrifuge. Clear supernatant fluids
corresponding to 2/3 oocyte were loaded onto 0.75 -m thick 10%
discontinuous SDS-polyacrylamide gels in parallel with high N markers and
were electrophoresed for 3 to 5 hr at 120 V. Proteins were electroeluted
onto nitrocellulose filters overnight in 20 US Tris, 150 US glycine, 20%
methanol and 0.1% SDS at 50 mA constant current. Immunoreactive BuChi
proteins were subsequently detected using the enhanced chemiluminescence
(ECL) blotting detection system (Amersham International) using a 1:1000
dilution of the Dako (Glostrup, Denmark) rabbit anti-human serum BuChE as
primary antibody and a 1:300 dilution of HRP-linked donkey anti-rabbit Igb
Fab' fragment for labeling.

X. Genetics
1. DNA probes and oligonucleotides
Three cDKA probes from the BCHE gene were employed. These were a 2.4 kb
hBuCh•cDNA encoding the complete BuChE protein (Soreq & Gnatt, 1987), a
genomic EcoRX fragment containing 190 bp from the 5' end of this sequence
(Gnatt & Soreq, 1987) and a 0.7 kb 3'-extension of this cDMA that is
expressed in brain tumors (Gnatt, 1990). Oligonucleotide probes
synthesized according to the BuChEcDNA sequences were as described (Prody
et al., 1986, 1987). To search for AChE-coding regions, a 1.5 kb hAChEcDNA
fragment encoding 90% of the AChE protein was employed (Soreq & Prody,
1989; Lapidot-Lifson et al., 1989).

2. Cosmid recombination
Human cosmid libraries, constructed from male peripheral blood DNA in the
pcos2 cosmid vector, providing kanamycin resistance, and cloned in DHl f.
coli cells, were generously provided by H. Lehrach (Imperial Cancer
Research Fund, London), as well as the BHB3169 bacterial strain. Other
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bacterial strains employed were AGI, mvi 190 and BHB3175. Cosmid
recombination was performed according to detailed published procedures
(Poustka et al., 1984) with several modifications. Briefly, the 190 bp 5'
BuChEcDMA fragment was inserted into the puc118 ampicillin-resistant
plassid (Stratagene), which does not display any sequence homology with the
pcos2 vector, and transfected into BH93175 bacteria. In order to rescue
the cosmid library in the form of lambda bacteriophages, Lambda 3169 rescue S
phages were prepared by prophage induction at 42 °C from concentrated
prophage-carrying BHB3169 bacteria grown at 30 *C. Rescue phages at a
multiplicity of infection of 50 were added to DHI cells carrying the cosmid
library, and packaging was induced at 42 *C.

Approximately 101 colony-forming units of the packaged phages were employed
to infect 107 BHB3175 cells containing the probe plasmid (carrying the
5'-190 bp BuChEcDNA fragment). Natural recombination was allowed to occur
between the probe BuChEcDNA fragment in the plasmid and the genomic BCHEDA
sequences in the cosmids. Recombinants stable to both kanamycin and
ampicillin, which implies the presence of recombined pcos2 and puc118
sequences, were selected for dual antibiotic plates. Packaging performed 0
on these recombinants resulted in the formation of cosaid-phage
recombinants in transfected AGI cells. These were tested by colony
hybridization with ["P]-_uChEcDKA probe. Large-scale preparation of
cosaid DNAS was then performed by the alkaline plasmid method (Sambrook et
al., 1989). * 0
3. DNA blot hybridizations and gene mapping experiments
Cosmid or genomic DNA was digested to completion by restriction
endonucleases, separated by agarose gel electrophoresis, blotted under 0.5
N NaOH onto nylon Genescreen membranes (IMM, Boston, NA) and
UV-cross-linked. Hybridization was in 35% formamide, 6X SSC and IX
Denhardt's solution. When nitrocellulose filters were employed, they were 0
denatured, neutralized, baked in vacuo for 2 hr at 80 °C and hybridized in
6X SSC, 5X Denhardt's solution and 5 am ZDTA. Chromosomal blots were
donated by Bios Corp. (New Haven, CT) and included DNA from 27 different
hybrid human/hamster cell lines carrying hamster chromosomes as well as one
or more human chromosomes or fragments thereof, all restricted with
fiindIII. Hybridization was performed as recommended for the Bios Corp. S
Timeframe System using the large hybridization cassette. Experiments were
performed at 65 OC in an incubator with 2.4 kb BuChEcDKA at 10 ng/ml.
Probe DNA was multiprime-labeled (Eiberg et al., 1989) yielding a specific
activity of 6x106 cpa/•g. Hybridization was for 60 to 90 min. Washes were
at 65 *C in I/IOX SSC.

4. Isolation of genomic DNA from peripheral blood.
Peripheral blood cells were separated from 4 al whole blood drawn into 13.3
mM EDTA, pH 7.5, by density gradient centrifugation in UNI-SEP tubes
containing a 1.077 g/ml, 280 mOsm solution of 5.6% polysucrose and 9.6%
sodium metrizoate (Eldan Technologies Co., Ltd., Jerusalem, Israel)
according to the manufacturer's instructions. White cells were stored at S
-70 'C. For DNA extraction, cells were thawed and lysed in 3 al lysis
buffer (10 mM Tris-HCl, 400 mM NaCl, 2 ma EDTA, pH 8.2). Cell lysates were
digested at 37 *C for 12 to 16 hr with I mg proteinase K in the presence of
0.15% SDS. Proteins and polypeptides were removed from the digests by
sedimentation with 6 ml of 50% saturated NaCl (ca. 3 M) in a swinging
bucket rotor at 1,500 x g for 30 sin. Supernatant fluids were transferred S
to a clean tube to which 2 volumes of ethanol (room temp.) were added. DNA
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was spooled out with a glass rod, washed with 70% ethanol (-20 'C) and 0
dissolved in 0.5 al TZ buffer (10 mH Tris-MCI, 1 mx ZDTA, pH 8.0). DNA
samples were allowed to dissolve at room temperature for 12 to 16 h before
determination of their concentrations (Aaeo) and purities (Aa 6 o/A 2 6 o k
1.8). DNA samples were stored at 4 -C.

5. PCR amplification and direct DNA sequencing. 0
Genomic DNA (ca. 0.1 lig) was PCR-amplified in buffer supplied by
Boehringer/Mannheim, supplemented with all four deoxynucleoside
triphosphates (dA, dC, dG and dT, 200 )A each), 50 pool of an
oligonucleotide primer and 10 units of rag MA polymerase in a final volume
of 100 pl. Cycling conditions were: denaturation, 94 *C, 1 min (first
cycle 3 sin); annealing, 50 to 65 eC, 1 min; and elongation, 72 OC, 1 min 0
(last cycle 5 min); 30 to 40 cycles were performed in a GeneAmp PCR System
9600 (Perkin-Elmer/Cetus). PCR products were stored at 4 OC. For DNA
sequencing, PCR fragments were purified from agarose gels using the QIAZX
gel extraction kit, and were subjected to direct DNA sequencing with the
Sequenase kit, version II (United States Biochemical Corp.) according to
the manufacturer's instructions, except for the annealing step, which •
included boiling for 3 min, freezing in liquid nitrogen and annealing at 4
*C for 20 min. [3 3 P]-alpha-dATP was used for labeling. Electrophoresis
was on 6% polyacrylamide/7 N urea gels prepared in a SequiGen unit (Bio-
Rad, Richmond, CA) according to the manufacturer's instructions.

6. Genomic SaulZIA and RsaI restriction fragment length polymorphism
(RFLP) analyses

PCR fragments spanning the Asp70Gly ("atypical") and the Glu497Val (J
variant) substitution regions in the BCHE gene were generated from sampled
genomic DNA as described above, and 5 jIl were digested directly as
recommended by the supplier (Boehringer/Mannheim) in 8 aM spermidine and 50
units of the restriction endonuclease, SaulZlA for the Asp7OGly and Rsal 0
for the Glu497Val analyses, in final volumes of 25 )Ll. Incubation was for
4 h at 37 °C. Due to the small DNA fragment sizes, both 10% native
polyacrylamide gels and 4% SepRate-SDF gels (Amersham International) were
used for the Asp7OGly SauIIIA and the Glu497Val RsaI RFLP analyses,
respectively. Gels were stained after (acrylamide) or during (SepRate-SDF)
electrophoresis with ethidius bromide and photographed. 0

7. RG-PCR introduced DraX and NsiZ RFLP analyses.
Hutagenic PCR primers 13 and 14 (Table 1, in which lower case letters
represent deliberately mismatched bases) were designed so that their
incorporation into PCR products derived from an allele containing the
Thr539 mutation and/or dA at nt2073 would generate a new restriction
endonuclease recognition sequence for Dral and/or Nsiz, respectively.

F. Cytology and hematology
1. PCR amplification of genomic DNA sequences
Oligonucleotide primer pairs from the ACHE and BCHE genes were computer-
designed to avoid secondary structure interactions (Rychlik & Rhoades,
1989). Primer pairs from the ACHE gene included
(1) P340 (+) -3' and

P790 (-) 5'-CAGGGCCAGCCTCTGATCCAGGAGACCCAG-3';
(2) P1241 (+) 5'-TGAAGGATGAGGGCTCGTATTTTCTGGTTT-3' and

P1695 (-) 5' -GTTGG-3C1GTATCGCATCAGTcGC-3';
(3) P1522 (+) 5'-CGGGTCTACGCCT TG -3' and

P1695 (-);
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(4) P1712 () 5'-CCCAA GA AA-3' and
P1869 (-) 5'-_-3'.

For DH we used
P271 (÷) 5'-CT-GGTAGACTA A A C -3' and

P1588 (-) 5'-ATfTYGCAAAA CTGGA-3'.
Primers were marked as (÷) for downstream or (-) for upstream, according to
their 5' to 3' orientations; numbers indicate the position of the 5'-end
residues in these primers within the relevant cDNA sequences (Soreq et al.,
1990 for ACHE; Prody et al., 1987 for DCHI).

Distinct 451-, 455-, 174-, 158- and 1318-bp fragments were derived by these
primers from the ACHE and BDIIE genes, respectively, using the PCR at
differential annealing temperatures (72 OC for ACHE and 65 OC for DCII). •

DNA samples (50 to 100 ng) from 19 human-hamster somatic cell hybrids (Bios
Corp., New Haven, CT; see (katt et al., 1991 for details) and total human
or hamster genomic DNA were subjected to PCR amplifiction with the human-
specific ACHE and BDCIE primer pairs. Cycling conditions: denaturation at
94 *C for 30 sec (first cycle 2 min); annealing at 72 *C (ACHE) and 65 °C
(BCHE), 1.5 sin; elongation at 72 *C, I siin (last cycle 6.5 miin). Fifty
cycles were performed in the presence of 2.5 units of Taq DNA polymerase
(Boehringer/mannheim) added prior to the first cycle and following the 25th
cycle, 50 pmol of each primer, 200 pfN of each deoxynucleoside triphosphate
(Pharmacia), 1.5 mN NgCl2 , 50 mM KC1, 10 mM Tris-HCl (pH 8.3), 0.01 %
gelatin in the final volume of 100 1il, and 100 jil paraffin oil to avoid S *
evaporation, all in 0.6 ml microtubes, using the Programmable Automated
Thermal Controller (NJ Research, Boston, NA).

PCR amplification products (10%) were analyzed by agarose gel
electrophoresis and compared with known size markers, and their identities
vere verified by hybridization to the relevant probes and direct DNA 0
sequencing.

Genomic DNA libraries (Deaven et al., 1986), each composed of fragments
from sorted human chromosome 7 or 3 (ATTC, Rockville, MD), were used for
direct PCR amplification with the ACHE and BCHE primer pairs. In both
cases we ensured that the genomic sequences to be amplified would not 0
include the restriction sites for the enzymes employed in the construction
and cloning of these libraries (HindiUl and EcoRI for chromosomes 3 and 7,
respectively). Phages (1 x 10' PFU in I )1 SM (Sambrook et al., 1989) were
lysed in 50 jil double-distilled water by heating to 70 OC for 5 min,
followed by two treatments of freezing in liquid nitrogen and then thawing.
The resultant lysates were directly employed for PCR amplification and S
analysis.

Following gel electrophoresis, amplification products were hybridized as
detailed (Soreq et al., 1990) in a hybridization oven (HyBaid, Teddington,
UK) with a 2.2 kb fragment of ACHE DNA (clone GRACHE; Soreq et al., 1990)
or a 2.4 kb BuCh•cDNA (Gnatt et al., 1991). S

2. Chromosomal gene mapping by in situ hybridization
Radioactive in situ hybridization to spread mitotic chromosomes was
performed essentially as described elsewhere (Zakut et al., 1989; Soreq et
al., 1987) except that an additional two 15 msin washes were performed at 60
*C in 1/1OX SSC. Following the hybridization, chromosomes were Giemsa •
stained and covered by a thin Optilux (0.75%, Becton Dickinson, Lincoln
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Park, NJ) layer prior to emulsion autoradiography, to prevent interaction 0
between the photographic emulsion and the Giemsa stain.

Fluorescent in situ hybridization (FISH) was applied to spread mitotic
chromosomes, using cesium-purified biotinylated ACHE DNA probes and
fluorescence-intensified digital imaging microscopy (viegas-Pequignot et
al., 1989). The probes employed were electrophoretically separated and 0
electroeluted 2.2- and 5.5-kb ACHE MA inserts (Soreq et al., 1990).

3. Cytochemical staining and electron microscope examination of Zeno0 ks

Two- or 3-day-old embryos were fixed for I h in 1% paraformaldehyde, 2.5%
glutaraldehyde in 0.1 N phosphate buffer, pH 7.4, washed 3 times and 0
dissected into 3 to 4 pieces. AChE activity was detected by the
thiocholine method. Cytochemical staining for catalytically active AChE
(Karnovsky, 1964) was performed within 3 days: 15 to 20 min at 4 OC in 1.5
aN ATCh, 5 mM Na citrate, 3 mM Cu sulfate and 0.5 mM K ferricyanide in 65
aN acetate buffer, pH 6.1. After staining and rinsing, embryos were
transferred to 1% osmium for I h dehydrated in ethanol, embedded in Epon 0
and sectioned. Sections of 700 A close to the exposed surface were
counterstained with uranyl acetate and Pb citrate, and examined with a
Philips 300 electron microscope.

4. Administration of antisense oligonucleotides
The antisense oligodeoxynucleotide employed was phosphorothioated AS-AHE S *
(5'-CTGCGG CCTC2T-3'), designed to complement the initiator AUG domain in

AChEmRHA (Soreq et al., 1990). Intraperitoneal injection of AS-ACHE (up to
10 I/q) into 3-week-old female Sabra mice was performed by dilution with
phosphate buffered saline (PBS) using a Hamilton syringe. The final
concentration of AS-ACHE reached 5 )ig/g, following our previous experiments
in cell cultures (Patinkin et al., 1990; Lapidot-Lifson et al., 1992) and
studies of others (Agrawal et al., 1991).

5. In situ hybridization to bone marrow cells
[ 3 5S]-labeled in vitro RNA transcripts (101 cpms/g) were produced using the
Amersham RPM 2006 kit and RNA polymerases from Boehringer/Nannheim, using
plasmids linearized with HindIil, XhoI for the sense and antisense ACHE RNA 0
probes and with ApeX, SmaI for the sense and antisense BuCh~mRNA
transcripts, respectively, all according to the manufacturer's
instructions. Radiolabeled probes were subjected to limited alkaline
hydrolysis for 20 min and resultant 200 to 400 base fragments were
separated from unincorporated nucleotides by G-50 Sephadex column
chromatography (Wilkinson, et al., 1987). 0

Bone narrow squeezed from dissected femur bones was smeared as single cell
layers on microscopic slides coated with 3-aminopropyltriethoxysilane
(TESPA, Sigma), to prevent loss of cells during the experimental procedure
(Rentrop et al., 1986). Slides were dried at room temperature for 2 hr,
fixed for 20 sin at room temperature in 4% paraformaldehyde dissolved in S
PBS, washed once with 3x PBS and twice with lx PBS, dehydrated through
ethanol series, air-dried and stored at -20 OC for up to 2 weeks. For in
situ hybridization, slides went through refixation, 0.2 N HCI incubation
for 20 min to reduce nonspecific probe binding, proteinase K treatment,
acetylation and dehydration as described (Rangini et al., 1991).
Hybridization was performed in the presence of [35S] RNA probes (approx. 1 0
x 10' cpm/)Lg, 0.5 x 106 cps per slide) (Rangini et al., 1991), except that
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no adkeosine-5'-pbosphorothioate was added. Exposure to photographic 0
emulsion (Kodak 11B-2) was for 6 weeks. Counterstaining was made with
Nay-Grunwald Giessa.

The in situ hybridization results were analyzed using a Nikan Nicrophot
microscope equipped with a single slide automatic stage, automatic focus
and 60X plan apo-oil immersion objective and connected through an interface 0
to a Magiscan Image Analysis microscope controller (Applied Imaging
International Ltd, Dukesway, U.K.). Image analysis was carried out by the
software package "NGIAM" which counts silver grains, measures cell
parameters, and evaluates association of grains with cells. Data
management was then performed using the "RZSULTS" program, which examines
the statistical significance of data obtained from "GNIAS and subjects 0
area and perimeter measurements to various statistical hypothesis tests.

Briefly, monochromatic images of the examined cells were captured using a
red filter to improve the contrast. Since the silver grains and cells were
at different focal planes, the grains were focused accurately, as their
best resolution was required. Grain counts were detected automatically 0
based on their darkness, and high-frequency noise information included in
the grain image was automatically subtracted. Cell borders to be measured
were manually delineated, after which grains were counted and measured
separately for each cell. Background grain density was measured in
parallel and subtracted from the experimental results. Collected data
included cell counts and parameters (measured cell areas), number of grains 0 0
per cell and per unit area and the statistical significance of variations
of these parameters. Presented data are average result for separate in
vivo treatments, with approximately 40 cells at different developmental
stages analyzed/sample with each of the employed RNA probes in bone marrow
preparations from four different mice/treatment.
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Ill. RZSULTS 0
A. Human gene architecture
1. AC sequence and structure
a. construction and screening of cUKA libraries
The differential screening procedure described in method resulted in the
isolation of two similar 1.5 kb clones from neonate brain basal nuclei,
Rescreening of several additional libraries (Fig. 2A) with [33P]-labeled 0
NBGSA resulted in the isolation of over 25 positive clones, all encoding a
polypeptide with the expected AChE active site sequence. Subsequently, an
expression library in the lambda ZapII phage vector using total RNA from
adult basal nuclei was prepared and found to be enriched in AChbcDHA
clones. Two clones, designated ABGACHE, included most of the coding and
3'-nontranslated sequence presented in Fig. 2A, and were essentially 0
similar to other cDHA clones isolated from different libraries. All the
isolated clones terminated about 300 nucleotides downstream from the
expected initiator AUG codon. One 500 bp muscle clone, designated FUSACHE,
included a complete 3'-nontranslated region ending with a polyadenylation.
site and a poly(A) tail. Most of the isolated clones included the regions
complementary to the oligodeoxynucleotide probes CTACHE and OPSYNO, and •
corresponded exactly to the peptide sequences used to design them (Fig. 28,
amino acids encoded by nucleotides 1939 to 1974 and 847 to 876,
respectively). In addition, the isolated cDMA clones all contained large
identical overlapping sequences, suggesting that they were derived from
similar mRNA transcripts.

b. search for the missing 5'-end of the ACHE coding sequence
To derive a complete AQhE coding sequence, probe K-153, a 17-mer, 5'-CG GCC
ATC GTA CAC GTC-3', was designed according to the nucleotide sequence at
the 5'-end of the cONA clones. K-153 is complementary to the sequence
encoding the AChE-specific peptide AspValTyrAspGlyArg, and was used to
screen a human genomic DNA library. The resultant genomic DNA clone, •
designated GRACHE, included part of the coding region for AChE in addition
to intronic sequences. In particular, clone GNACHE included the absent
upstream sequence encoding the N-terminus of AChE and a putative signal
sequence preceded by a methionine residue. The AUG codon encoding this
methionine was embedded in an appropriate consensus sequence for initiation
of translation (Kozak, 1986) and was preceded by a potential splice signal 0
at the same position (nucleotide 139, Fig. 2B) where both the human DCII
gene (Arpagaus et al., 1990) and the Torpedo ACHE gene (Maulet et al.,
1990) appear to be spliced. Comparative analysis of clones GRACHE and
ABGACHE revealed splice sites at nucleotides 1227, 1713 and 1822 and three
introns (0.35, ca. 1.1 and 0.8 kb, respectively). The latter two introns
were located at the same sites found in the electric fish ACHE gene (Kaulet 0
et al., 1990), reconfirming the presumed common origin of the ACHE genes
shared by these two evolutionarily remote species. The 0.35 kb intron,
which was found in mouse as well (Li et al., 1991) does not exist in
Torpedo and apparently developed later in evolutionary history.

Computer analysis of the AChE coding sequence presented a hypothetical 0
stable 300 nucleotide secondary structure of stems and loops at the
5'region of this sequence with a free energy of -117.0 kcal/mole (Devereux
et al., 1984), higher than that demonstrated for the transcription
attenuating region in the genome of SVao (Kessler et al., 1989). This
predicted folding pattern, presented in Fig. 3, could potentially prevent
reverse transcriptase and/or DNA polymerase from synthesizing this 0
sequence, apparently explaining the 5'-attenuated cDMA clones (Fig. 2A).
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c. Promoter sequence and composition 0
Sequencing of the upstream sequence (clone GIACHE, Soreq et al., 1990; Fig.
4) revealed oligonucleotide motifs characteristic of binding sites for 4
several known transcription factors (Faist & Meyer, 1992). These included
eight NyoD motifs, characteristic of myogenic expression (CAIUTG, Tapscott
et al., 1988), the enhancer GC'rCCTG octamer (I-box) controlling production
of the heavy chain immunojliulin gene (Ephrussi et al., 1985), and 0
compatible with hematopoietic %.'pression and 12 occurrences of the GGGCGG
motif specific to the SPI transcription factors which enhance productive
transcription (Lemaigre et al., 1990). The cAMP response element ATF/CREB
(ACGTCA (Haekawa et al., 1989)), the EGR-1 element (GCGGGGGCG, 3 sites)
common in brain-specific genes subject to signal transduction pathways (Cao
et al., 1990), and the AP2 element (CCCC/AGGG/CG/C, 2 sites) characteristic 0
of genes expressed in embryonic neural crest lineages (Mitchell et al.,
1991) and presumed to interact with SPI factors (Williams & Tjian, 1991)
were also found.

Elements indicating developmental control included the CGAGCG and CACTCA
sequences (2 sites) that interact with the embryonically active Zeste 0
factors, and the GAGA (AGAGAGAG) motif important for the functioning of
distant enhancer elements during early Drosophila development (Biggin &
Tjian et al., 1989). Further downstream, this sequence included TATA and
CCAAT elements and the NFkB element (GGGA/GA/CTNTCC, 2 sites)
characteristic of genes active in the immune and other hematopoietic
lineages (Molitor et al., 1990), and implicated with the control of 0 O
transition from the GO to GI phases in the cell cycle (Baldwin et al.,
1991). Figure 4 presents the upstream sequence and these different
sequence motifs.

d. Base composition and codon usage in the ACHE coding requence
The AChE and BuChE coding sequences displayed almost mirror-image usage of 0
nucleotides, with AChECDtA being enriched in G,C-residues (63.8%), and
BuChEcDNA in A,T residue (63.1%). Consequently, the distribution of codons
in the ORFs is clearly different for the two genes. For most of the amino
acids in AChE, G,C residues appear in third base positions. The opposite
is true for BuChE, which is most apparent for amino acids with multiple
codon choices (Table 1). For example, 45 of the 68 leucine residues in 0
AChE are encoded by CTG, whereas in BuChE, only six of the 55 leucines are
translated from this codon (Ben-Aziz et al., 1991). In addition, amino
acids encoded by G,C-rich triplets (arginine and alanine but not serine and
lysine) are more frequent in AChE than in BuChE. Moreover, certain codons
are completely absent in the AChE but not in the BuChE gene, like ATT and
ATA for isoleucine or AGA for arginine. Thus, both the nucleotide 0
composition and the third nucleotide choices for AChEcDKA are typical of
housekeeping genes (Holmquist, 1989), and its base and amino acid
composition predict thermal stability and long half-life both for AChEmRNA
and for its protein product.

It is interesting to note that the proteins encoded by these two sequences •
have almost identical amino acid compositions. In particular, "he content
of acidic and hydrophobic residues was precisely retained to Le almost
equal in the two proteins (Ben-Aziz et al., 1991). The somewhat lower
content of basic amino acid residues (arginine + lysine) in AChE (53 as
compared with 61 in BuChE) deviates from this rule, and results in a more
acidic isoelectric point predicted for AChE (5.42 vs. 7.39 for BuChE). S
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0. amino acid homoloqies between proteins of the ChZ family 0
Comparative analysis of the amino acid sequence inferred for the deduced
hAO~I sequence, hBuC2hB, rorpedo LONand Drosophila ChE, Drosophila
esterase 6 and bovine thyroglobulin revealed considerable sequence
similarities (Fig. 4), higher than the percent of identically aligned
residues observed at the nucleotide level for all of these sequences (Soreq
et al., 1990). The human A=hE inferred from this sequence has three 0
potential sites for asparagine-linked carbohydrate chains (Fig. 2B), fewer
than the four glycosylation sites in Torpedo AChE (Schumacher et al., 1986)
and the eight sites in hBuChi (Prody et al., 1987; McTiernan et al., 1987).
Its lack of sequence homology to serine proteases distinguishes this
protein as a type B carboxylesterase of the cholinesterase family (Soreq &
Zakut, 1993) with a C-terminal peptide that is characteristic of the S
soluble, asymmetric AChE forms (Taylor et al., 1987; Maulet et al., 1990;
Sikorav et al., 1988). It contains seven cysteine residues as compared
with eight for both Torpedo AChE (Schumacher et al., 1986) and hBuChE (Fig.
2, Prody et al., 1987; NcTiernan et al., 1986). Three intrasubunit
disulfide bonds would bL- predicted at Cys100-Cys127, Cys288-Cys3O3 and
Cys440-Cys560. A fourth predicted disulfide bridge involves Cys611 which 0
in all known asymmetric ChEs appears to be covalently attached to the
parallel cysteine residue of an identical catalytic subunit (Taylor et al.,
1987; Lockridge et al., 1987).

f. consensus peptide motifs
Several lines of evidence from various fields of biological research 0 0
suggest that activation of cholinergic signaling pathways is directly
correlated with cell division. A summary of these indications is presented
in Table 2. For example, treatment of Xenopus oocytes with ACh and its
analogue, carbamylcholine, enhances phosphoinositide turnover and releases
the oocytes from their meiotic block (Oron et al., 1985). These agents
also stimulate phosphoinositide turnover in primary glial cells in culture 0
(Askhenazi et al., 1989). When transfected with particular subtypes of the
muscarinic ACh receptor, the carbamylcholine-treated cultured glial cells
display increased DNA synthesis (Askhenazi et al., 1989). Enhancement of
phosphoinositide turnover, in turn, has been correlated with
developmentally induced alterations in the phosphorylation status of
substrates of the CDC2 family of protein kinases, the universal controllers S
of cell division (Lapidot-Lifson et al., 1989; Balduini et al., 1987;
Laskey et al., 1989; Moreno & Nurse, 1990). Thus, conceivably, the changes
in cell division caused by ACh administration may be associated with
variations in the activity of the CDC2-related kinases.

Over the past several years, it has become apparent that the progression of S
the cell cycle is critically dependent on phosphorylation events mediated
by CDC2-related kinases. Partial lists of the in vitro substrates of these
kinases include both nuclear proteins (e.g., lamin, histones, RNA
polymerase) and cytoplasmic proteins (e.g., pp60c-src) (Noreno & Nurse,
1990). These substrates share two common features: they all perform cell
cycle-related functions, and they all contain the peptide motif •
Ser/Thr-Pro-X-Z (where X is a polar amino acid and Z is a basic amino
acid). In the nucleus, lamin B is one of the proteins responsible for
nuclear organization, nucleolins are thought to function in nucleolar
organization, and histones are important for DNA organization (Moreno &
Nurse, 1990). In the cytoplasm, pp6Oc-src is apparently involved in the
synthesis of the PIP2 phosphoinositide from phosphatidyl inositol and its 0
monophosphate. Phosphorylation of these proteins has been shown to alter
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their biochemical properties in different ways, in some cases, stimulating
function, and in other cases suppressing function. Table 3 presents these
examples and the relevant peptide motifs.

It is most interesting to note that both AMRl and BuMhZ contain the
Ser/Thr-Pro-X-S motif, thus raising the possibility that these proteins too
are substrates for CDC2-related kinases (Table 3). There are three such 0
motifs in the catalytic domain of AChZ (starting at residues 103, 110, and
216) and one in BuChE (starting at residue 210). Conceivably, ACh and
BuChE are substrates of distinct CDC2-related kinases that, for example,
are specific to particular cell types and/or cell differentiation stages.
This notion is strengthened by the recent finding of Oil!, a novel
CDC2-like kinase, the expression of which is required for 0
megakaryocytopoiesis in a manner similar to that of Bu~hS (Lapidot-Lifson
et al., 1992). Additional biochemical experiments will be required to
determine whether ChEs are in fact substrates of specific CDC2 kinases and,
if so, how their phosphorylation state affects the biological function of
Chis and of their counterpart CDC2 kinases in normal cells and in tumor
cells. 0

2. Human ACHE and BCHE are encoded by two distinct genes
The presence of both BCHE and ACHE coding sequences in a human cosmid
library was first verified by DNA blot hybridization. For this purpose,
the cosmid library was amplified and the DNA extracted from it was digested
to completion with EcoRI and electrophoretically separated in parallel with • *
human genomic DNA. Blot hybridization with BuChEcDNA and AChEcDNA probes
confirmed that both sequences are represented in this library (not shown).
Homologous recombination screening, using a 5' 190 bp fragment from
BuChFcDKA cloned in puc118, resulted in the isolation of four different
cosmid pCOSCHEDNA clones designated C,-,,. Figure 5A schematically presents
the recombination experiment. DNA extracted from each of the pCosCHEDNA
clones was tested for its ability to hybridize with BuChEcDNA and AChEcDKA.
All four clones were clearly positive with the first probe but negative
with the latter, demonstrating that they all included BuChE-coding
sequences but not AChE-coding ones. The blot hybridization data for this
experiment are shown in Figure 5B. Enzymatic restriction, agarose gel
electrophoresis and ethidium bromide staining of these pCosCHEDNA •
preparations revealed that the four isolated cosmid DNA fragments were all
approximately 50 kb in size and displayed highly similar, although not
identical, restriction patterns with four different enzymes. Blot
hybridization with BuChEcDKA again demonstrated similar restriction
patterns, suggesting that all four cosuid clones were derived from the same
gene and encompassed overlapping DNA fragments. Figure 6 presents these 0
DNA blots and their intricate restriction patterns.

All four cosmid clones originally had to include the 5' 190 bp sequence to
recombine with the puci18 plasmids which contributed their ampicillin
resistance. Moreover, they all hybridized with the 0.7 kb 3'-extension of
BuChEcDNA, designated Gb5, found in cDNA libraries from nervous system
tumors (Qnatt et al., 1990). This demonstrated that all four cosmids
included the entire sequence encoding BuCkE plus adjacent sequences. In
addition, the cosmid DMAs appeared to contain several intron sequences.
For example, the enzyme HincII, having a unique restriction site in
BuChEcDNA (Prody et al., 1987; Lovrien et al., 1978), restricted the
various cosmid DNAs into at least three BuChEcDRA-hybridizing fragments 0
(Figure 6). This suggested the existence of more than one intron in these
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DNA fragments, in complete agreement with observations of others (Chatonnet 0
& Lockridge, 1989). It should be mentioned in this context that the 190 bp
fragment that was used to recombine with the CIEMA cosmids had to be _'
actively integrated into the isolated cloned sequences. Therefore, the
organization of these DNA fragments is not necessarily identical to that of
the native gene; hence these blots were not used to construct detailed
restriction maps for the CHE gene. Since the Gb5 V -extended fragment was 0
mapped to the unique 3q26-ter position by in situ hybridization, these
findings also indicated that all of the isolated pCosCHEDNA clones were
derived from a single BuChz-encoding gene, localized on the long arm of
chromosome 3.

The assignment of the Call gene to a unique position on chromosome 3 was 0
further confirmed by DNA hybridization employing chromosome blots (Bios
Corp.). These included DNA from different human/hamster hybrid cell lines
carrying one or more human chromosomes (D'Eustachio & Ruddle, 1983). Only
DNA from cell lines including human chromosome 3 contained the informative
2.4 kb HindIl restriction fragment hybridizing with BuCh•cDKA (Soreq &
Zakut, 1990a; McGuire et al., 1989). Furthermore, the pCosCHEDNA fragments
were identical with those observed in parallel lanes loaded with DNA from
human lymphocytes. In contrast, hamster genoaic DNA or hamster/human cell
hybrids carrying human chromosomes other than number 3 displayed no
positive bands when hybridized with [" 2P]-BuQhcDHA. Figure 7 presents
representative examples for these hybridization results. Summary of the
somatic cell hybrid mapping panel clearly demonstrated full concordance * 0
with the chromosome 3 assignment in all of the five examined cell lines
which carried this chromosome (Cnatt et al., 1991). In contrast, all other
chromosomes, including chromosome 16, appeared not to carry BuChEcDNA-
positive sequences. Exclusion of chromosome 16 was shown by two
independently derived discordant hybrids, and one hybrid cell line with
chromosome 3 as the only human chromosome was clearly positive for the 0
specific human fragment.

a. location of ACHE within chromosome 7
Direct PCR amplification with somatic cell hybrids and chromosome-sorted
libraries was performed under species-specific conditions, so that human
but not hamster DNA gave rise to four different PCR fragments informative
of the ACHE gene and one for the BCHE gene. DNA blot hybridization was
employed to exclude the possibility of weak or invisible fragments. ACHE-
specific PCR products appeared with DNA from 2 of the 19 cell lines
employed, both of which contain human chromosome 7. In contrast, no signal
was observed with DNA from any of the other lines containing any human
chromosome except 7 (Table 4). The validity of this chromosome assignment 0
was examined by reconfirming our previous mapping of the BCHE gene to
chromosome 3, which was performed by DNA blot hybridization using the same
somatic hybrid cell panel (Gnatt et al., 1991). Ethidium bromide-stained
agarose gel revealed that the 1318-bp DCHE-specific PCR product was
generated from DNA from two cell lines that contain human chromosome 3.
The identity of the PCR fragments was verified by hybridization using
(32 P] -BuChEcDNAS probes.

Regional mapping of the ACHE gene on chromosome 7 was achieved by
fluorescent chromosomal in situ hybridization using a biotinylated ACHE DNA
fragment as a probe (Fig. 8). Fifteen metaphases were analyzed, all of
which carried at least one fluorescent spot on 7q22 (five with one spot, 0
seven with two spots, and three with three spots). Two of these cells were
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also labeled by one spot at the 11pl1 position, one with one spot on 12q13, 0
and another with one on 12q14. These minor labelings were considered
insignificant in view of the negative PCR results with somatic cell hybrids *1

carrying chromosomes 11, 12 and 13, using four different ACHE-specific
primer pairs. Additional in situ hybridization experiments, using a 5.5-kb
genomic probe from the ACHE gene (clone GNACHR, Soreq et al., 1990), also
revealed labeling on chromosome 7.

An independent assignment of the ACHE gene to chromosome 7 was obtained by
direct PCR amplificatior, using DNA from chromosome-sorted libraries. Lysed
lambda phages containing fragments from sorted chromosome 7 or chromosome 3
(Deaven et al., 1986) libraries supported the appearance of the ACHE-
specific PCR product from the human chromosome 7 library, but not from the •
chromosome 3 library. In contrast, the human BCHE-specific fragment was
produced from chromosome 3 library phages, but not from chromosome 7
phages. Both of these PCR products hybridized with the relevant probes,
confirming their identity as human ACHE- and BCHE-derived sequences; the
hamster DNA impurity in the chromosome 7 library did not interfere with the
PCR reaction because of the species-specific conditions that were employed. 0

b. ACHE restriction analysis
In order to initiate an RFLP study of the ACHE gene, DNA was extracted from
peripheral blood of several apparently healthy, unrelated individuals and
was subjected to restriction analysis by DNA blot hybridization using
various probes (Fig. 9A,B). These included the ACHE expression construct, 0 0
the genomic DNA clone, CHACHE and PCR fragments derived from the ACHE gene
(Fig. 9A and Soreq et al., 1990; Ben Aziz-Aloya et al., 1993). Parallel
hybridizations were performed with similarly digested DNA from the GIRACME
clone using sequence-specific oligodeoxynucleotide probes (Fig. 9C). All
of the PCR probes created subset autoradiogram patterns of those obtained
with probes GNACHE and the expression construct (Fig. 9B), enabling the 0
construction of a complete restriction map of the ACHE gene and its
flanking regions for the enzymes used (Fig. 9A). No RFLPs were detected
using these probes and individuals, nor were differences detected in
studies of 102 additional unrelated Europeans using these and other
restriction enzymes (EcoRI and TaqI). A restriction analysis of the human
ACHE genomic clone G(ACHE (Fig. 9C), generated using primers 1 to 10 as •
probes (1 to 8 are shown), yielded an identical map.

3. human genetics
To examine whether mutations in ACHE and BCHE were associated with each
other, and whether the intragenic linkage reported for the ACHE and BCHE
mutations in Americans is universal, we studied frequencies of these
mutations in European and trans-Caucasian Georgian Israelis. To this end
we employed PCR amplification followed by DNA sequencing and enzymatic
restrictions, and compared the frequencies we found to corresponding
reported phenotype data. Georgian Jews' Asn322 ACHE was a rather low 7.0%
and was totally linked with a Pro446 mutation, in agreement with a recent
report. However, in BCHE, Gly70 was a relatively high 5.8%, and the Va1497 0
and Thr539 mutations were not found, either in Georgian or in European
Jews, in contrast with reported findings in unclassified Americans. In
addition, no intergenic associations were observed between the point
mutations of ACHE and BCHE.
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a. detection of mutations in the human ACHE and DCH ges •
In order to detect and define the distribution of ACHE and BCHE mutations
and reveal characteristic haplotypes, we examined genomic DNA from 127
individuals. To this end, we used suitable primers (Table 5) to PCR
amplify the amino acid 322 and 446 regions of the ACHE gene and the amino
acid 70, 497 and 539 regions and nucleotide 2073 at the 3'-noncoding region
of the BCIE gene (Fig. 10). The PCR fragments obtained were purified and S
analyzed by DNA sequencing and/or were directly subjected to restriction
analysis to detect naturally occurring or RG-PCR-introduced RFLPs.
Examining the ACHE codon 322 by DNA sequencing revealed genotypes
homozygous for histidine (Mt blood group), homozygous for asparagine (Yt")
and heterozygous genotypes (Fig. 10). All of the homozygotes for His322 or
Asn322 were also homozygous for the Pro446 common codon (CCC) or the 0
mutated codon (CCT), respectively, as was determined by DNA sequencing
(data not shown). Furthermore, all heterozygotes for the His322Asn
substitution were also heterozygous at codon 446, in agreement with
findings in Americans (Bartels et al., 1993). The Pro561Arg mutation was
found in clone G(AC1E (Soreq et al., 1990), a 6.1 Kb human ACHE genomic
clone; nevertheless, it was not in linkage with the Pro446 or Asn322 ACHE 0
mutations (Karpel et al., 1993). Examining the BCHI codon 70 by Sau1iXA
RFLP analysis and DNA sequencing, and the nucleotide at position 2073 by
RG-PCR-introduced NsiI RFLP analysis, permitted the discrimination among
homozygotes of the common alleles (Asp7O and 2073dA), homozygotes of the
rare alleles (Gly70 and 2073dG) and heterozygotes (Fig. 10). Examining the
BCHE codons 497 and 539 by DIA sequencing and/or by RsaI or RG-PCR- 0 0
introduced Dral RFLP analysis, respectively, revealed in the populations
examined only the common allele, which encodes Glu497 and Ala539 (Fig. 10).
In most cases haplotypes could be extracted from each known genotype.

b. discordance of phenotypically effective mutations in the ACHE and
BCHE genes 0

Associations were sought between the His322Asn substitution in ACHE and
Asp7OGly substitution in BCHE among 86 unrelated Jews of Georgian origin.
DNA sequencing revealed 12 heterozygotes for the ACHE His322Asn
substitution and 74 His322 homozygotes. Ten out of these same individuals
were heterozygous for the BCHE Asp70Gly substitution, and the remaining 76
homozygous for Asp70. Of 86 tested, no homozygous individual was detected 0
having the rare allele of any of the genes, only 2 had both mutations and
66 had neither. These numbers translate to allele frequencies of 7.0% for
ACHE Asn322 and 5.8% for BCHE Gly70. These allele frequencies, combined
with the assumption of nonassociation, predict 1.4 and 75.3 individuals,
respectively, which correspond reasonably with our findings. We conclude,
therefore, that these ACHE and BCHI mutations are not associated. 0

c. Frequent ACHE and BCHE mutations among Jewish populations
The allele frequencies of the ACHE Asn322 and BCHE Gly70 mutations may be
compared with those found in phenotype surveys for other Jewish populations
(Fig. 11). The ACHE Asn322 allele frequency, phenotypically the Yt' blood
group (Lockridge et al., 1992), was found to be higher than the average 0
frequency of the Yth allele among Europeans, but lower than in any other
Jewish population surveyed. On the other hand, the frequency of the BCHE
Gly70 allele, phenotypically "atypical" BuChE (Neville et al., 1990a), was
found to be higher than in every Jewish population examined except the
Iranian. Taking into account that the Georgian community, like the Iranian
and Iraqi communities are all descended from the ancient Babylonian Jews, S
the similarity in the BCHI allele frequency and the dissimilarity in the
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AM allele frequency suggest that the ACHE and BM01 genes were subjected 0
to different selective pressures and/or founder effects.

d. ACHE and BCHI haplotype analysis
In the ACHE gene, complete association was observed between the ACHE codons
332 and 446 among Georgians, suggesting the existence of complete linkage,
yielding two possible haplotypes for them: His322/Pro446(CCC) and
Asn322/Pro446(CCT). These results are in agreement with the findings of
Bartels et al. (1993) regarding an American population.

Because significant linkage disequilibrium of the D Asp7OGly, Glu497Val
and Ala539Thr substitutions, and looser linkage to the 2073dA/dG mutations
were reported for Americans (Bartels et al., 1992a,b), we wished to test
the universality of this phenomenon. Therefore we extended the study and
determined BCHE haplotypes of 13 Georgians heterozygous for Asp7OGly and 24
homozygous for Asp70 (Table 6). Surprisingly, all of the 37 individuals
examined carried only the common codons at positions 497 and 539, coding
glutamate and alanine, respectively. Together with the nt2073 variants,
this yielded four different haplotypes out of the possible 16 for these
four point mutations (Table 6). The other 12 haplotypes reported in the
American survey (Bartels et al., 1992a,b), which involve the GluE497Val and
Ala539Thr substitutions, were not found in the populations we studied.
Linkage disequilibrium analysis of haplotypes containing the codon 70 and
nucleotide 2073 variants (Iannuzzi et al., 1989) yielded a linkage
disequilibrium constant of 0.16, indicating loose linkage, consistent with 0
the previous report (Bartels et al., 1992b).

e. human genetics, summary
The ACHE gene, at 7q22, is not genetically linked with BCHE, mapped to
3q26, but as there is conceivably a functional interrelationship between
their encoded enzymes, we searched for an association of their mutations. 0
A screen for the more prominent ACHE and BCHE mutations (Asn322 and Gly70,
respectively) revealed numbers of single and double mutants and wild-types
compatible with nonassociation. This result is expected if no selection
pressure exists for or against double mutants. The AChE amino acid 322 is
located on the surface of the protein, well away from the active site
(Sussman et al., 1991; Soreq et al., 1993) and is unlikely, when mutated,
to alter functional properties of the enzyme. Indeed, no such evidence has
been presented to date. Therefore, the finding of no association of this
ACHE mutation with any BCHI mutation is not surprising.

We were able to confirm the recently reported (Bartels et al., 1993) total
linkage between ACHE codons 322 and 446 mutations. We also found that the
Pro561Arg iubstitution was not linked to the above mentioned ones. These
findings led to the conclusion that out of eight possible haplotypes for
three point mutations of the ACHE gene, four predominate:
His322/Pro446(COC)/Pro561 or Arg561 and Asn322/Pro446(CCT)/Pro561 or
Arg561, of which the ones with Pro561 are most prevalent. We were
surprised, however, to find an absence of the Glu497Val and Ala539Thr
substitutions in BCHE among Israelis of European or trans-Caucasian
Georgian origin, because these mutations were reported to be tightly linked
to one another and to the Asp7OGly substitution in Americans (Bartels et
al., 1992a,b). We have no explanation of this dissimilarity of findings,
other than the differences in populations studied. This, in turn, suggests
that for the BCHE gene in the Israeli subpopulations studied, only four 0
haplotypes exist out of the 16 possible for four point mutations. These
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are Gly70/Glu479/Ala539/2073dA or 2073dG (haplotypes II and IV,
respectively, Table 6), and Asp70/Glu479/Ala539/2073dA or 2073dG
(haplotypes I and III, respectively, Table 6), of which the latter two are 4
most frequent. The Gly70 and the 2073dG mutations thus seem to have been
introduced and established early in human evolution, as these exist in
different ethnic groups. In contrast, the other two BCHI mutations were,
so far, observed only in an unclassified group of Americans, and in linkage S
with the Gly70 substitution but not with the 2073dG alteration. This
implies that they first appeared on a Gly70 allele and were subsequently
established in European ancestors of Americans.

Our data are consistent with a Hardy-Weinberg equilibrium for Asn322 ACHE
and Gly70 DCIE, indicating no major selective effect due to either of these S
alleles. This could be because our sample size was too small to detect
slight deviations, reflecting mild selection pressures. Alternatively, or
additionally, this could be due to a balance between positive and negative
selection pressures: The rare Ytb allele may be selected against in
populations, especially ones characterized by large numbers of offspring,
as anti-AChE antibodies may arise in mothers' sera directed against the S
AChE of their embryos. Individuals homozygous for one allele may carry the
antibody to the protein produced by the other allele (Levene et al., 1987),
these individuals being those having received transfusions of incompatible
blood, and possibly homozygous mothers of heterozygous fetuses. Because
AChE is an indispensable protein, expressed very early in fetal development
(Soreq & Zakut, 1993), this may lead to abortion or retardation of fetal 0 •
growth. In chorionic villi only DCII, not ACHE, is expressed, suggesting
that BuChE has an even earlier role in embryogenesis than that of AChE
(Zakut et al., 1991). In this case, heterozygosity of "atypical" (Gly70)
and common BCHE alleles may confer developmental advantage: in the presence
of natural or manu'de anti-ChEs, such embryos will have sufficient BuChE
activity, as opposed to embryos homozygous for the common allele, whose 0
enzyme is very susceptible to inhibition. The "atypical" homozygous
embryo, having very low levels of activity, may also be at a disadvantage.
The middle Eastern diet has long been characterized by the Solanun,
eggplant (S. melongema), which was first domesticated in this area, and
which contains solanine-derived glycoalkaloids, potent inhibitors of
normal, but not "atypical," Gly70 BuChE (Harris & Whittaker, 1962; Neville 0
et al., 1992a). The similarity of the BCHI Gly70 allele frequency of
Georgian Jews to that of Iraqi and Iranian Jews, having the same ancestry,
may thus reflect a continuous selective advantage. The reduced ACHE Asn322
allele frequency among Georgians, as compared with Iraqi and Iranian Jews,
all drawn from the same gene pool, may likewise be explained by a negative
immunogenic selection pressure. In both cases, the different frequencies 0
of the Georgian from the Iraqi and Iranian Jewish populations probably
reflect founder effects in the ethnically isolated population of trans-
Caucasian Georgian Jews.

4. Gene expression
a. transcriptional control 0
1. structure-function analysis of the ACHE promoter region:

transcriptional potential in Xenopus
In search of the promoter region controlling ACHE transcription, we
examined a 2.2 kb genomic DNA fragment located upstream from the initiator
AUG in clone GNACHE. The ability of this 2.2 kb ACHE upstream sequence to
drive transcription was studied in microinjected Xenopus oocytes and 0
embryos. To this end, this sequence was ligated, either in its full form
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0
or following enzymatic restrictions with RQIQ, xhoI or PvuIz (K, X or p

forms, Fig. 12) to AC(hncDKA comprised of exons 2, 3, 4 & 6 (Fig. 12; see
also Soreq et al., 1990; Li et al., 1991 for gene structure), to create the
HpACHE constructs. DUAs were injected into oocytes or early cleavage
embryos, and transcriptional activity was determined by reverse
transcription and PCR amplification (RNA-PCI) using human AC2EcDIA specific
primers (Fig. 12). AChEcDMA ligated to the cytomegalovirus enhancer-
promoter region (OIVACHE, Velan et al., 1991b) was also injected. RNA from
oocytes and embryos injected with the CNIVAOM or the complete HpACE
construct, but not from those injected with any of the truncated HpACHE
sqncesz, gave rise to the expected 275 bp PCR product (Fig. 12). Thus,
the entire hydrophopbic peptide sequence, but not the truncated
KJxml-digested construct, was sufficient to support transcription in
Xenopus.

2. Nucleotide composition and potential methylation sites
The human ACHE gene is particularly rich in C,G residues and CpG
dinucleotides (Soreq et al., 1990, Ben Aziz et al., 1991). This, in turn,
implies that it is susceptible for regulation by DNA methylation (Razin &
Riggs, 1980). Dissection of the ACHE gene into its various components
further revealed that the C,G nucleotides and CpG dinucleotides are not
distributed evenly. Thus, the promoter domain is enriched in CpG
dinucleotides. This predicts clustered methylation sites and
tissue-specific suppression of gene expression through interference with * *
the binding of transcription factors at the promoter region. The abundance
of CpG dinucleotides in the II, but not the 12 intron, may further reflect
the existence of functioning enhancer elements in the II domain, a
possibility which should be pursued.

b. post-transcriptional regulation
1. Delineation of the 5'-exon boundaries through chimeric RNA-PCR

reactions
Clone GNACHE was previously found to include a potential 3' splice site
upstream from the initiator AUG codon (Soreq et al., 1990). Functioning
5'-splice sites were therefore searched for within the upstream sequence.
Several consensus 5' splice site motifs were tested by direct PCR
amplification of cDNA from human tissues. To this end, chimeric primer
pairs were designed in which the twelve 5' nucleotides of each upstream
primer (+) terminated at one of the various putative 5' splice sites, and
the common 3' terminal 5 to 6 nucleotides corresponded to the putative 3'
acceptor site at position 2227 (Fig. 4B, nucleotide 139). The downstream
primer (-) was located within the coding sequence at position 2623 (Fig.
13). In this fashion, a single 5' splice site was identified at nucleotide
685 (chimeric primer no. 2), delimiting a 1.5 kb intron designated II
within the upstream sequence. The same chimeric PCR primer was active
with RNA from fetal and adult brain and from the hematopoietic cell line
K562, demonstrating similar splicing of I in various human tissues (Fig.
13). PCR primers designed with further upstream sequences delineated a
length of 74 bp for the El exon, starting with a consensus CAP site motif
(Fig. 4B). When RNA from oocytes and embryos injected with HpACHE was
subjected to amplification using the chimeric PCR primer pair 2, 10, the
expected 400 bp band was also observed (Fig. 13).

2. exon-intron organization and alternative splicing in the ACHE gene
The generation of proteins with diverse properties from single genes
frequently operates through alternative splicing (Naniatis, 1991). This
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process involves the precise excision of intron sequences from the nuclear
precursor of the relevant uRKs (pre-DNMA). Alternative splicing is known
to be cell type-, tissue- and/or developmental-specific (Smith et al., *
1989) and is considered to be the principal mechanism controlling the
site(s) and timing of expression and the properties of the resultant
protein products from various genes (Baker, 1989). The tissue-specificity
of alternative splicing depends on the availability of splicing factors.
In addition, it may be affected by repressor proteins that bind to pre-muRA
recognition sequences and prevent the selection of consensus splice sites
(Maniatis, 1991). In view of the polymorphism of AChE forms in different
tissues and cell types, the alternative splicing pattern of the AKE gene
is therefore of special interest. This, in turn, depends on the
exon-intron organization of this human gene. 0

The human ACHE gene spans a total of less than 7 kb (Fig. 14A) which
include the promoter, six exons and four introns, all delineated by the
consensus acceptor and donor sites for splicing (Fig. 12A; Table 7). The
first four exons encode the major part of the AChE protein and are
expressed in all of the AChEaRA subtypes that were so far discovered. 0
Sequencing of clone GIACHE revealed the 353 bp intron 2 (M2) between exons
2 and 3 (Fig. 14B), an additional 1.3 kb intron (13) between E3 and Z4 and
a complex 829 bp domain which, in brain and muscle operates as an intron
between exons 4 and 6. Similarly with the larger I1 region characterized
above (Fig. 4B), both the 12 and 13 intronic sequences and the 3'-terminal
domain are spliced out in the ACh~MRNA form expressed in brain and muscle 0 *
(Fig. 14). However, in other tissues the 3-terminal intron displays a
complex buildup. Sequence analysis demonstrated in this fragment the
presence of the consensus 12 splicing motifs GA (at position 11) and GT (at
position 87) and a subsequent pyrimidine stretch. This implied that
nucleotides 11 to 87 in this region may constitute a smaller intron,
designated 14, whereas the remaining sequence (nucleotides 88 to 839) can 0
potentially represent an additional exon, designated E5.

The human 14 intron constitutes of an ORF continuous with that of both 14
and E5 (Fig. 14C). The ORF in E5 was found to encode a polypeptide with a
potential for cleavage and subsequent linkage of a phosphoinositide moiety
(Low, 1987), yet shares no homology with the Torpedo 3H alternative exon 0
located at a similar position (Gibney & Taylor, 1991). The nucleotide
sequence in the short ORY region from E5 was identical to that in a
previous report (Li et al., 1991) except for a single nucleotide difference
at position 159 (from G to C) implying a single amino acid substitution
(proline instead of arginine) in the 18th amino acid residue of the E5
peptide. This difference reflects natural polymorphism (Bartels et al., 0
1993). The remaining 530 bp of E5 were fully sequenced and found
nontranslatable (Fig. 9C).

Composition of exons in the coding domain was further examined by RNA blot
hybridization and RRA-PCR. Blot hybridization revealed a broad 2.5-2.6 kb
band for poly(A)+AChRNRMA, intense in basal nuclei from fetal brain but 0
clearly apparent also in fetal hippocampus and muscle, in the decreasing
order basal nuclei> >heart>hippocampus (Fig. 15A). This band predicted
additional exons over El to E4, E6, with the total cumulative length of 2.2
kb; further experiments will be required to reveal whether additional
upstream exon(s) are expressed in human brain and muscle AChEmRNAs.
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In search for 3' splice options, RNA-PCt analysis was performed using 0
primers spanning the K3, Z4, 25 and 16 domains with RNA from brain, muscle
and the hematopoietic cell line 1562 (Fig. 10B). These experiments
dostrated a major ACh~mRNA species including E3 to Z4 and 36 in various
brain regions, muscle and 1562 cells (Fig. 10C). However, PCR primers
designed to detect 35 demonstrated the presence of an AhDNA including
this exon in K562 cells but not in any of the tissues examined. The PCR
band reflecting the 35 splice alternative was considerably less intense
than that representing 16, reflecting the low abundance of this =RNA in
1562 cells (Fig. 10D). Interestingly, we did not observe with this primer
pair the unspliced 14-25 readthrough transcript reported in Torpedo
electric organ (Sikorav et al., 1988) and murine bone marrow cells (Li et
al., 1991). However, subsequent RNA-PCR experiments using primers internal 0
to the 14 region revealed the readthrough transcripts in several human
tumorigenic cell lines, including K562 (Karpel et al., 1993). Thus, the
human AChEmnRA species encoding the com asymetric AChE form (Soreq et
al., 1990) is the major one in brain, muscle and hematopoietic cells, while
the latter cells also express two minor alternative AOWMRI A species with
the potential to encode two forms of phosphoinositide-anchored ACMES in 0
addition to the major hydrophilic form of this enzyme.

3. variable translation products
The alternative splicing pattern disclosed above may potentially give rise
to different AChE proteins (Fig. 16A) which divert from each other at amino
acid residue 544 (Fig. 16B). The first 543 amino acids, common to all
forms are encoded by exons E1 to 14. The hydrophilic form (Fig. 16B)
includes a specific C-terminus which can bind to a collagen-like tail (in
muscle) or a lipid-protein subunit (in brain). The peptide translated from
the 14/15 region is absent in this 583 residue long hydrophilic AChE form.
The predicted phosphoinositide-linked AChEs produced from the E5 containing
transcripts (Fig. 16B) should be 583 and 557 residues long, with the 40 and
14 C-terminal amino acids in the mature proteins translated from the ORF in
the alternative 14+25 or E5 domains, respectively (Fig. 17). Both 15
containing polypeptides display the necessary features (Low, 1987) for
being processed for glycophospholipid attachment. These features include
(a) stretches of hydrophobic residues near the C-terminus, (b) the presence
of the His-Gly dipeptide (this carboxyl-terminal sequence, reviewed by
Ferguson & Williams (1988) was found by Rosenberry and colleagues using
carboxypeptidase digestion, in purified human erythrocyte ACHE; (c) a
cysteine amino-terminal to the His-Gly sequence, which would be essential
for diner formation. An interesting feature of the C-terninal peptides
unique to the alternative forms of AChE is that they present no homologies
to the corresponding region in BuChE (Fig. 16B), suggesting that they
developed long after the two ChE genes diverged.

4. surface probability measurements
The polypeptide chains encoded by hAChlDRMAs were subjected to computerized
plot structure analysis according to the Chou & Fasman prediction (1987).
This analysis revealed a clear hydrophilic profile for the C-terminal
peptide of the brain form, a neutral profile with a C-terminal hydrophobic
nature for the E5-translated form and a yet more hydrophobic nature for the
readthrough form (Fig. 17). This, in turn, predicts surface properties
distinct to each of the enzyme forms (Chou & Fasman, 1987), particularly
since the C-terminal domain in AChE appears to be exposed at the outer
surface of this protein (Sussman et al., 1991).
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The findings reached throughout this work thus demnstrate that the •
intensity of expresstion and biochemical properties of the human
protein are primarily determined by both transcriptional and post-
transcriptional control processes.

5. energy and stability considerations for AChzmRMAs
To examine whether certain splicing events in the ACHE gene are favored due
to energy constraints, hypothetical secondary structures were separately
determined for each of the exons and introns in the human ACHE gene. This
was done using the FOLD program, which allows for G-C, A-T and irregular
G-O pairing. The observed values of Gibbs free energy were all in the same
range. Thus, minimal energy constraints could not, on their own, explain
the choice of splice sites in nervous tissue vs. hemopoietic cells. This,
in turn, predicts the involvement of protein factors in this process.
Energy calculations were further performed for the divergent regions in the
mature ACh(mRAA species. In this analysis as well, there were no
significant energy differences, which predicts apparently similar
structural determinants affecting stability of the two mREA species.

An interesting difference between AChE in nervous tissue and that of
hemopoietic cells is that the first has to be transiently and rapidly
induced according to need, whereas the latter is apparently expressed
constitutively (Rakonczay & Brimijoin, 1988). Moreover, the bulk of
AChEmRMA produced in the nucleated erythroid precursor should suffice to
produce AChE throughout the life span of the mature anucleated and * S
terminally differentiated erythrocyte (120 days). This, in turn, predicts
that the AChEmRMA subtype encoding the erythrocyte-specific PI-linked form
of the enzyme, but not brain AChEaMNA, should be especially stable.
However, both mREAs are initially designed with the same nontranslated
3'-termini, which contain a consensus motif for selective mREA degradation
(Shaw & Kamen, 1986). This AUUUA motif apparently functions as a 0
recognition signal for an mREA degradation pathway that is common to
certain lymphokines, cytokines and protooncogenes (Mitchell et al., 1986).
Interestingly, similar AUUUA signal is also included in the 3'-terminal
sequence of beta-globin mREA (Lange & Spritz, 1985), demonstrating that it
does not preclude a long-term erythrocytic expression. Further experiments
would hence be required to explain the mechanism(s) through which the 0
differential stability of various AChZERMA forms is controlled.

6. alternative splicing creates three distinct AChE forms
In addition to the AChEmBEAs expected for the two amino acid sequences that
have been found in different forms of hA=hE, a search of normal and
transformed human tissues and cell lines indicated the presence of a third
AChNERNA in transformed cells. The three A hmRMAs include the principal
species expressed in brain and muscle and two additional transcripts
containing insertions of 751 or 829 residues downstream to the E4 domain.
The inserted region, which represents an intron in brain and muscle, is
expressed in the tumor cell lines either as a "readthrough" form with 78
bases deleted from its 5'-end. A major band of 2.5 kb was labeled with
AChEcONA in poly(A) REA blots from medulloblastoma cells or brain tissue,
whereas a PCR-amplifed probe from the inserted domain labeled a 3.4 kb band
but not the 2.5 kb band in poly(A)IR1A from small cell lung carcinoma (not
shown). The AChEmREAs including the alternative insertions were only found
in cell lines such as K562 or tetracarcinoma, with levels of the principal
ACh&mRNA species equal to or higher than in brain (1 to 10 molecules/cell), 5
as determined by following the kinetics of mREA-PCR amplification. In
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extension of the reported expression of PI-linked A011 in hemopoietic.
cells, including K-562, our findings demonstrate the existence of ACh0mRNAs
with the potential to encode one hydrophilic and two PI-linked forms of
AChE in tumor cells from both hemopoietic and non-hemopoietic origins.

C. expression in Zencya oocytes
1. expression of ACHE codin sequence in Aopua occytes s
In mticroinjected Zenopus oocytes, 2 ng of the in vitro transcribed 2.2 kb
mRNA transcript of the recombined A011 coding sequence induced the
biosynthesis of catalytically active AChE capable of hydrolyzing 50.4 1 5
rmol ATCh/hr/oocyte (Table 8, average of 3 independent transcription and
aicroinjection experiments). This represents a 104-fold higher activity
than that obtained by the microinjection of poly(A)+ brain mRMA (Soreq et 0
al., 1984). As expected, the recombinant enzyme appeared to hydrolyze DTCh
at a rate about 50 times lower, displayed substrate inhibition above 2 mH
ATCh and was sensitive to inhibition by 10-9 N of the selective AChE
inhibitor 1, 5-bis (4-allyldinethyl-ammoniumphonyl ) -pentan-3-one dibromide
(BW284C51) but not the selective OP BuChE inhibitor iso-ONPA at the same
concentration (Table 8). In sucrose gradient centrifugation (Dreyfus et 0
al., 1988) of products from two independent experiments, it yielded a major
peak centered at 4.5 ± 0.1 S. Altogether, these experiments demonstrated
that the combined sequence encodes for authentic, monomeric human ACHE.

2. XenopuS expressed AChE is biochemically indistinguishable from native
hACh 0

Nicroinjected into mature Xenopus laevis oocytes, 5 ng in vitro transcribed
AChtmRNA directed the production of catalytically active AChE displaying
substrate and inhibitor interactions characteristic of the native human
enzyme (Figure 18A,B). The apparent Km calculated for rhAChE against ATCh
was 0.3 iM, essentially identical to that displayed by rhAChE expressed in
cell lines (Velan et al., 1991a) and native human erythrocyte AChE (Gnagey 0
et al., 1987). In sucrose density centrifugation rhAChE sedimented
primarily as monomers and diners, although a discernible peak apparently
representing globular tetrameric AChE was also observed (Figure 18C). When
plassid DNA carrying AChEcDMA downstream from the cytomegalovirus
promoter-enhancer element (COVACHE, Velan et al., 1991a) was Ricroinjected
into oocytes, active AChE in yields 10- to 20-fold higher than that
observed following RNA injections was obtained (Figure 18D), demonstrating
efficient transcription from this promoter in Xenopus.

d. expression in transiently transqenc emryos
1. transcription in Xenopus: comparison of promoters
The ability of the 2.2 kb ACHE upstream sequence to drive transcription was 0
examined in microinjected Xenopus oocytes and embryos. This sequence was
ligated, either in its full form or following enzymatic restrictions with
KpnI, XhoI or PvulI (K, X or P forms, Fig. 12) to AChEcDNA comprised of
exons 2, 3, 4 & 6 (Fig. 2; see also Soreq et al., 1990 and Li et al., 1991
for gene structure) to create the hydrophobic AChE (hpAChI) constructs.
DNAs were injected into oocytes or early cleavage embryos, and •
transcriptional activity was determined by reverse transcription and PCR
amplification (RNA-PCR) using hAChFcDNA specific primers (Fig. 2).
AChEcDNA ligated to the cytomegalovirus enhancer-promoter region (OIVACHE,
Velan et al., 1991 a,b) was also injected. RNA from oocytes and embryos
injected with the OSVACHE or the complete hpACHE construct, but not from
those injected with any of the truncated hpACHE sequences, gave rise to the
expected 275 bp PCR product (Fig. 2). Thus, the entire hydrophobic
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sequence, but not the TATA and CAAT boxes included in the truncated
XpmZ-digested construct, was sufficient to support transcription in

2. transient expression of NIVACHI in Aemopus embryos
Nicroinjected into cleaving Xeopus embryos, OIVACHE directed the
biosynthesis of rhAChZ at levels similar to those observed in DNA-injected 0
oocytes, yet the gross morphology and development of CGVACHE-injected
embryos appeared completely normal (Fig. 19). Noreover, gross motor
function of uicroinjected embryos, as evaluated by twitching and hatching
on day 2, reflexive swimming on day 3, and free swimming on later days, was
unimpaired compared to normal, uninjected controls. Kicroinjected tadpoles
survived up to 4 weeks, showing no overt developmental handicaps. •
Following overnight incubation, at which time embryos had reached the late
gastrula stage, endogenous AChE levels were negligible and rhAChi activity
represented a 50- to 100-fold excess over normal (Figure 20A). From day 2
after fertilization, detectable endogenous AChE activities increased
steadily. Using the irreversible hCh inhibitor ecothiophate (Neville et
al., 1992) to distinguish between endogenous frog AChE and rhAChZ (Figure 0
20A, inset), we observed the persistence of receding levels of rhAChE for
at least 4 days after fertilization. For the first 3 days, rHAChE
accounted for )50% of the total measured AChE activity in microinjected
embryos and resulted in a state of general overexpression compared to
uninjected controls. By day 6 after fertilization, no heterologous enzyme
was detected in homogenates. At all time points examined, the level of 0 *
frog AMhE in CHVACHE-injected tadpoles appeared to be less than that
observed in uninjected embryos, suggesting that feedback regulation may be
involved in modulating AChE biosynthesis in these transiently transgenic
embryos.

In immunoblot analysis following denaturing gel electrophoresis, rhAChE was 0
observed to comigrate with native human brain AChE, yielding a clearly
visible doublet band at around 68 kDa (Figure 20B). rhAChE was selectively
recognized by a pool of monoclonal antibodies raised against denatured
human brain AChE, and no cross-immunoreactivity with embryonic Xenopus AChE
was observed (Figure 20B). The doublet band observed may reflect
differences in glycosylation (Kronman et al., 1992a). Sequential 0
extractions with low-salt, detergent, and high-salt buffers revealed that
approximately 35% of rhAChE synthesized in transiently transgenic embryos
was associated with membranes, requiring detergent for solubilization
(Table 9). Whereas up to 33% of the endogenous enzyme in day 3 uninjected
tadpoles appeared in the high-salt extractable fraction, salt-soluble
rhAChE remained primarily in the low-salt fraction at all days examined 0
(Table 9). Enzyme-antigen immunoassay (EAIA) utilizing a species-specific
monoclonal antibody (mAb 101-1) was employed to differentiate between human
and frog enzyme in the fractions.

3. expression of the ACHE promoter-reporter construct in developing
Xe.nopus embryos 0

Whole-cell extracts prepared from Xewopus embryos injected with HpACHA DNA
displayed a small but siqnificant (P ) 0.01, Student's t-test) increase in
AChE activity over native endogenous levels. In contrast, microinjected
CNVACHE induced 20-fold greater levels of heterologous enzyme (Table 10).
Up to 50% of the total AChE produced in OIVACHE-injected embryos was
extractable in a low-salt buffer, suggesting that a significant proportion 0
of the heterologous enzyme may be secreted under conditions of high

41

I i .. .. •ill i l l ll i'illll i 0 li0



overexpression. The overexpressed enzyme was identified as the human
protein as it was efficiently inhibited by 3 X 10-7 N of the OP inhibitor
ecothiophate, which at this concentration does not inhibit amphibian AChE 4
(Seidman et al., 1993). Moreover, monoclonal antibodies specific to
mammalian AChEs reacted with this enzyme but not with the frog enzyme, both
in immunoblots and in a multiwell binding assay (Seidman et al., 1993).

5. Post-transcriptional processes
a. rhA0hB remains monomeric in kenopus embryos
To examine the possibility that heterologous hA2Z undergoes homomeric
assembly or interacts with either catalytic or noncatalytic subunits of
Xenopus AChZ to produce hybrid oligomers, sucrose density centrifugation
-id EAIA were performed. At all time points examined, we obsctrved rhAChr E
exclusively as ionassembled monomers sedimenting at approximately 3.2 S,
despite the concomitant accumulation of various multimeric forms of the
endogenous frog enzyme (Figure 21). These observations were confirmed
using selective inhibition with ecothiophate. When oligomeric AChE
purified from CNVACHR-transfected cell cultures (Velan et al., 1991b) or
from human brain (Liao et al., 1992) was preincubated with extracts of day 0
3 uninjected embryos and similarly analyzed, monomers, dimers, and
tetramers were detected, and the distribution of oligomeric forms observed
was identical to that of control samples. Thus, mAb 101-1 detects all the
globular configurations of rhAChE, and proteolytic activity does not appear
to degrade stable oligomeric AChE in embryo extracts. Endogenous Xenopus
AChE appeared primarily as a dimer on day 2 after fertilization with 0 *
globular tetrameric and asymmetric tailed forms appearing and increasing
from day 3 onward (Figure 21, insets). Superimposition of the gradient
gels from control and OSVACHE-injected embryos demonstrated that the normal
developmental progression of Xenopus AChE oligomeric assembly was conserved
in CNVACHE-injected embryos despite the high excess of rhAChE monomers
(Figure 21). 0

b. synaptic targeting of human AChE
In search of muscle-expressed heterologous human enzyme, we combined
electron microscopy with the sensitive thiocholine technique for
cytochemical activity staining (Koelle & Friedenwald, 1949). For this
purpose, developing myotomes from 2-day-old embryos were first examined 0
(Fig. 22A). Neuromuscular junctions and the adjacent nerve and muscle
structures in all of the examined embryos appeared morphologically normal
(Fig. 22B,a-c). Synaptic staining for AChE in both HpAChE-injected (Fig.
22B,b) and CNVACHE-injected embryos (Fig. 22B,c) resulted in significantly
more conspicuous depositions of the electron dense reaction product at the
synapse than that observed in controls (Fig. 22B,a). While in HNJs of •
noninjected embryos the average area covered by reaction product was in the
range of 20 nmh/im contact length, staining efficiency in HpACHE-injected
embryos reached values of 195 nm2 /pm and CNPACHE injections yielded
labeling of up to 220 nm2/Im. Uncharacteristic accumulations of reaction
product were further observed in association with myofibrils of embryos
injected with either the HpACHE or COVACHE constructs (Fig. 22B, e-f). 0

Both the overall incidence and intensity of staining in sections prepared
from embryos injected with HpACHE were enhanced compared to controls, but
less than those observed in COPACHE-injected embryos. Sections prepared
from uninjected embryos displayed minimal staining around the myofibrils,
and when present, staining was sparse and considerably less intense (Fig. 0
22B, d). No morphogenic or behavioral barriers to normal hatching, muscle
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twitching or development were observed in microinjected embryos, and we
have reared such embryos for up to 4 weeks, demonstrating that
overexpression of heterologous AChE in microinjected lenopus embryos
provides a viable model for developing tas.

C. subcellular disposition of rhACHE in myotomes of OWACHR-injected

Increases in AChE activity are directly correlated with the ultrastructural
and functional maturation of muscle during early embryonic development in
Xenopus (Kullberg et al., 1977). He therefore undertook an ultrastructural
analysis, at the electron microscope level, of myotomes from 2- and 3-day-
old embryos microinjected with COVACHE as compared to normal uninjected •
controls. Longitudinal and transverse sections from rostral trunk somites
revealed clearly discernible myofibers PF day 2 in both injected and
uninjected embryos (Figs. 23 and 24). By PF day 3, both groups displayed
significant increases in their numbers of myofibrilar elements and in
maturation of the sarcoplasmic reticulum (Fig. 24). To examine the
subcellular localization of nascent AChE in transgenic and control embryos •
we employed cytochemical activity staining (Karnovsky, 1964). In both the
experimental and control groups, crystalline deposits of electron dense
reaction product were observed primarily in association with myofibrils,
among the myofilaments and within the sarcoplasaic reticulum (Figs. 23 and
24). Various organelles, including the nuclear membrane, free and bound
polyribosomes, Golgi apparatus, and sometimes mitochondria, were also * *
observed to be stained (Figs. 23 and 24 and data not shown).

At PF day 2, staining in CNVACHE-injected embryos was conspicuously more
pronounced than that observed in uninjected controls, in both the quantity
and the intensity of reaction product (Fig. 23). However, variability was
observed between tissue blocks, probably reflecting mosaic expression of
the injected DNA and/or variability in the efficiency of expression among
embryos (S. Seidman, unpublished data; see also Vize et al., 1991). In
longitudinal sections from COVACHE-injected embryos, staining appeared to
be concentrated at the I band of myofibers, particularly around the triad
marking the intersection of the sarcoplassic reticulum and transverse
tubule systems. In contrast, the sparse staining observed in control
sections appeared randomly distributed. By PF day 3, the general staining
intensity in both groups had significantly increased, while observable
differences between the groups were less dramatic. Cross-sections revealed
especially prominent staining within the sarcoplassic reticulum (Figure
24A, B). Strong staining was now observed at both the A and I bands, and
for the first time, within the transverse tubules (Figure 24C,D). Overall, 0
day 2 CNVACHE-injected myotomes resembled day 3 uninjected control myotomes
in staining incidence and intensity (Figures 23A,C and 24B, D). Taken
together, these data indicate that the subcellular compartmentalization of
transiently overexpressed rhAChE in developing Xenopus myotomes paralleled
that of native embryonic Xenopus AChE. In this way, CNVACHE-microinjection
appeared to advance the normal accumulation of AChE in embryonic myotomes •
by up to one day.

d. ultrastructural c of overexpressed AChE in Xenoqps NNJs
We demonstrated up to 10-fold overexpression of catalytically active AChE
in neuromuscular junctions (NMJs) of OPVACHE-injected embryos 2 days after
fertilization (Ben Aziz-Aloya et al., 1993). To examine the persistence of 0
this state and its implications for synaptic ultrastructure, we studied
both cytochemically stained and closely appositioned unstained NMJs from 3-
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day-old injected and control embryos (Fig. 25 and Table 11). In the
injected group, 72% of the postsynaptic membrane length (SL/PSL, Table 11)
was stained, on average, for active AChE. In contrast, only 22% of the
postmynaptic length was stained in controls. moreover, the total area
covered by reaction product was approximately 4-fold greater in MiJs from
ONVACHE-injected embryos than in those from controls (SA, Table 11). In
addition, the staining observed in UMJs from injected embryos was
considerably more intense than that displayed by control MiKs, forming
large black accumulations of reaction product as opposed to the lighter,
more diffuse staining observed in controls (Figure 25A-B,D-E).

Ultrastructural features of NUJs from injected and uninjected embryos were
best discerned in unstained synapses. NlJs from control embryos generally 0
appeared smooth and relatively undeveloped, with up to two secondary folds
of the postsynaptic membrane, and a single nerve-muscle contact (Figure
25C). In contrast, NUJs from OIVACHIE-injected embryos displayed an average
of three secondary folds and one-three discrete contacts between pre- and
postsynaptic membranes (Figure 25F). Furthermore, the average postsynaptic
membrane length in MlJs from CIVACHE-injected embryos was 30% larger and
considerably less variable than that measured in control embryos (SL, Table
11), yet, the distance across the synaptic cleft was both larger and more
variable in injected embryos than in controls (129,72 Us vs. 94*23 )&m;
n=14). lMJs overexpressing rhAChE thus appeared more developed in their
structural buildup than controls. • *
6. Tumorigenic expression
a. aberrations in tumor CHE genes and their protein products
Experiments performed over the last four decades have provided compelling
evidence that genes are aberrantly expressed in many types of human tumors.
The aberrant expression of these genes can be manifested at the DNA, aRtA,
or protein level. Both the ACHE and the BCHE genes are amplified in vivo
in leukemias (Lapidot-Lifson et al., 1989) and ovarian carcinomas (Zakut et
al., 1990); the BCHE gene is mutated in neuroblastoma, glioblastoma, and
other tumors of nervous system origin (Gnatt et al., 1990); and both AChE
and BuChE mRNAs are overexpressed in ovarian carcinoma (Zakut et al.,
1990), meningiona (Soreq et al., 1984), and glioblastoma (Gnatt et al.,
1990). Interestingly, BuCh•RNA transcripts of abnormal length at their 3' 0
end have also been detected in glioblastomas (Gnatt et al., 1990),
suggesting that there may be abnormal modulation of mBZNA processing in
these tumors.

Some tumors express CHE genes that are altered in their protein coding
regions. For example, point mutations Asp7OGly and Ser425Pro have been 0
detected in neuroblastoma BuChzHNA (Gnatt et al., 1990). Other tumors
produce abnormally processed and/or assembled BuChE proteins. As evidenced
by sucrose gradient sedimentation experiments, the BuChE protein in
meningiomis appears to exist primarily in monomeric and dimeric form (Razon
et al., 1984; Soreq et al., 1984) rather than in its usual tetrameric
structure (Rakonczay & Brimijoin, 1988). Finally, biochemical studies have
provided evidence of altered levels and altered sensitivity of tumor ChEs
to selective inhibitors in extracts of human brain tumors (Razon et al.,
1984) and in the serum of carcinoma patients (Zakut et al., 1988).
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b. tumor-associated chromosome abnormalities affecting the ACHE and BCE•

The shared propensity of the ACHE and BOER genes to undergo amplification
is unlikely to be due to sequence similarities, since the two genes display
drastically different base compositions (Soreq & Zakut, 1990a) and do not
cross-hybridize (Lapidot-Lifson et al., 1989). Thus, the alteration of
these genes in neoplastic cells could either be related to the biological S
function(s) of their protein products or could simply be an incidental
event, resulting from the chromosome location of the genes. To help
distinguish between these possibilities, we have examined the frequency of
chromosome abnormalities in tumors at or near the map positions of the ACH
and DOER genes.

Errors in chromosome propagation are common in tumors and are considered to
be one of the major classes of genetic alterations underlying the malignant
phenotype (Tycko & Sklar, 1990). Holliday has hypothesized that initial
chwnges in gene dosage, brought about by chromosome nondisjunction or
rearrangement, trigger a general loss of accuracy in chromosome segregation
in tumor cells at mitosis (Holliday, 1989). Gene amplification is thought
to be an early event in tumorigenesis (Schiske, 1990) and one that plays a
central role in chromosome breakage (Windle et al., 1991). In some human
cancers, gene amplification may be a useful marker for predicting clinical
outcome (Schwab & Amler, 1990; Bishop, 1991).

ACHE is amplified in leukemias (Lapidot-Lifson et al., 1989), ovarian 0
carcinomas (Zakut et al., 1990), and platelet disorders (Zakut et al.,
1992). The long arm of chromosome 7 tends to break in cancerous cells
(Nitelman, 1988). It is interesting to note that the AT-rich region of

BCHE, which presents almost a mirror image of the properties of ACHE, is
likewise subject to frequent amplification and resides on the 3q26-ter
chromosomal fragment, which is found broken in thrombopoietic disorders 0
(Pedersen, 1990).

c. amplification of CHR genes in a premalignant condition
If CHE gene amplification and/or mutagenesis is indeed a causal factor in
tumorigenesis, one would expect to observe this phenomenon in premalignant
conditions. Polycythemia vera is a premalignant blood cell disorder
characterized by sphenomegaly and increased production of erythrocytes,
granulocytes and platelets. The disease has a gradual onset and runs a
chronic but usually slowly progressive course; affected individuals show an
increased incidence of leukemia (Landaw, 1986). Risk mounts to I to 2% in
phlebotomy-treated patients, in contrast to 10 to 15% in patients treated
by the drug chlorambucil or by irradiation (Bloomfield & Brunning, 1976).
This suggests that mutagenic agents may be secondary inducers which, when
added to the predisposing state in polycytbemia vera patients, lead to
tumorigenesis. When acute myelocytic leukemia develops secondarily to
polycythemia vera, the patients are resistant to therapy and their
prognosis is poor (Bloomfield & Brunning, 1976).

We have examined a sample of peripheral blood cell DNA from an untreated
polycythemia vera patient for evidence of gene amplification. Considerable
amplification of both the ACHE and the BDCII genes (15-fold) and three
oncogenes (RAFI, NYC, and FES/FPS)(5- to 20-fold) was observed in this
patient. The amplification in this patient was not attributable to the
presence of malignant cells, to chemotherapy, or to multidrug resistance
(Slamon et al. 1984; Biedler et al., 1988). Careful follow-up of this and
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other polycytema'a vera patients is warranted in order to determine wbether 0

the gene amplification events play a role in leukemic transformation.

d. amplification of CHE genes in a nonmalignant condition
Because ACHE and DCII co-amplify with several oncogenes in leukemic
patients with platelet deficiencies, we wished to find out whether
amplification of these genes also occurs in -- o platelet
disorders, and if so, whether oncogenes would amplify in such cases as
well. The autoimmune disease systemic lupus erytheastosus (SL.) presents
an appropriate model system for this issue, since patients with SME may
suffer from thrombocytopenia resistant to most treatments. We find a 40-
to 80-fold amplification of genomic sequences from ACHE and BDCH, as well
as the C-raf, V-sis and C-fes/pfs oncogenes in peripheral blood cells from
an SLE patient with severe thrombocytopenia (Fig. 2A, Zakut et al., 1992).
PvuIX restriction analysis and DNA blot hybridization of the amplified ACHE
and BCHI sequences demonstrate apparent aberrations in both genes (Fig. 2B,
Zakut et al., 1992), suggesting that malfunctioning of modified, partially
amplified CHE genes may be involved in the etiology of SL.

7. Hematopoietic effects of in vivo antisense inhibition of ACHE
expression

Cell culture experiments revealed that pM concentrations of AS-ACHE, but
not the matching "sense" oligonucleotide interfered in erythropoiesis
(Soreq et al., in preparation). To study the in vivo hematopoietic
expression of the ACHE gene, groups of four different mice were injected
once with 5 )ig/g of AS-ACHE. Untreated mice served as controls. Twelve
days following the injection, AChEmRNA levels in the bone marrow and lymph
nodes of control and injected mice were evaluated. To this end, we
employed reverse transcription coupled with kinetic follow-up of PCR
amplification products (RNA-PCR) to detect and quantify broad range
differences in mREA levels. For calibration, we subjected measured amounts
of shorter in vitro transcribed ACHEaRA to the same procedure. Signals
appeared earlier when higher amounts of AChbmRKA were present, and as low
as 10s molecules of AChE per 100 ng RNA yielded signals starting at cycle
33. Gel electrophoresis and blot hybridization of the resultant mouse PCR
products revealed the appearance of ACHEcDOA fragments already at cycle 26
in RNA preparations from both bone marrow and lymph nodes of control mice, 0
suggesting a concentration of k10' molecules/100 ng RNA for Ad£aEaRNA in
both these samples. In contrast, there were no observable signals in
either sample within AS-ACHE-treated mice up to cycle 41, which implied
drastic reductions of at least 1000-fold in AChEmRA levels in both lymph
nodes and bone marrow at this time. Parallel analyses of actin sHEA levels
revealed more limited yet most conspicuous 10- and 100-fold reductions in 0
the lymph nodes and bone marrow respectively, demonstrating secondary
effect of the AS-ACHE treatment on actin mREA (Fig. 26).

Differential cell counts of the major bone marrow cell types showed drastic
changes in cell composition at 12 days after injection as compared with
controls, with dramatic reduction in lymphocytes and erythroid cells and 0
compensating increases in myelocytes, granulocytes and neutrophils. By day
20 after treatment, the lymphocyte and erythroid fractions both repopulated
to above normal levels while granulocyte and neutrophil fractions were
reduced below normal levels, demonstrating the transient nature of the
hematopoietic alterations observed at day 12. Peripheral automated blood
profiles of the animals at day 20 after treatment further displayed 75% S
lymphocytes, 18% neutrophils, 5% monocytes and 2% eosinophils, a normal

46

0 A



composition, characteristic of healthy animals, for both treated and
control mice. Thus both bone narrow and blood cell composition indicated
major restoration from the AS-A treatment by 20 days after injection.

Negakaryocytes constitute a minor fraction of the bone marrow (ca. 0.5%)
and display an exceptionally long half-life. Therefore, differential MR
compositions were only determined at day 20 after injection, wk- the 0
entire HN population was renewed. Significant 3-fold increase in the
fraction of pro-NK out of total MK was observed in AS-ACHE treated mice as
compared with controls (5% in chi-square test). A corresponding decrease
occurred in AS-ACHE-treated mice in the larger fraction of intermedial UK
(from 85.3 to 75.2%), whereas mature UK increased by ca. twofold. This, in
turn, implicates ACHE as a potential modulator of specific steps in the S
pathway of megakaryocytopoiesis (Table 12).

At day 12 AS-ACHE after treatment, ACHRNA levels in the bone marrow were
too low to be detected by RNA-PCR. To examine ChEmRMA levels in the novel
developing UK at 20 days after treatment, we employed the high resolution
in situ hybridization technique. In view of our previous observations of 0
interference with NK development in culture by AS-BOlE (Patinkin et al.,
1990; Lapidot-Lifson, et al., 1992), we also followed BuCh2RNA levels in
this experiment. To this end, bone marrow smears from AS-ACHE-injected and
control mice were hybridized with each of the [35 S]-ChEcRKA probes.

Hybridization was slightly lower in intensity in bone marrow smears * *
prepared from AS-ACHE-treated mice, as compared with mice injected with
PBS. In mature UK from AS-ACHE-treated mice, silver grain counts (average
for at least 40 cells/sample in four mice with each probe) were ca. 40% and
70% of PBS-treated controls for A•2mRAL and BuCh~mRH, respectively.
Bidirectional variance analysis (Hoel, 1976) revealed for these values a
significance level of 5%. The difference between AChbmRNA levels in AS- 0
ACHE-treated and control mice hence was reduced from >1000-fold at day 12
to ca. twofold at day 20. Silver grain counts were also lower to the same
extent on non-NK cells from AS-ACHE-treated animals as compared with
controls. RNA-PCR analysis also revealed actin aRmA levels at the same
order of magnitude in AS-ACHE-treated -.M control mice. The suppressed
levels of AChEmRNA within intermedial and mature UK reflected the
specificity of the AS-AC'E treatment, as evident from the more limited
reductions in BCHEmRNA ii these cells (Fig. 27). Thus, recurrence of
apparently normal hematopoietic profiles in the treated mice by day 20 was
accompanied by restoration of close to normal levels of ACHE and actin
mRKAs.

8. Structure/function relations in the enzymes
a. recombinant BuChE variants
It is generally believed that the active site of ChEs comprises a catalytic
(esteratic) site, an acyl binding site, and a cation-binding site, all of
which contribute to enzyme function and inhibition. We have sought to
identify some of the specific amino acid residues that comprise these
sites. The binding of ligands (substrates or inhibitors) is a measure of
the integrity of the binding sites. Pharmacological studies have shown
different dissociation coefficients for the substrates and inhibitors that
interact with the ChEs and their naturally occurring variants. While AChE
interacts only with ACh, "usual" (wild-type) BuChE also hydrolyzes this,
BuCh and SuccCh. This already implies differences in the active site, as •
do the differing binding constants of OP inhibitors to AChE and BuChE. The

47



S

common prophylaxis and therapy against OP poisoning involves the use of
cationic oximes such as 2-PAN, assumed to bind to the cation-binding site
and to position its nucleophilic oxime moiety toward the phosphoryl-serine
bond of the OP-inhibited enzyme (discussed in Neville et al., 1990b).
Comparison of the interactions of recombinant ChEs with these different
ligands, substrates and inhibitors, was therefore initiated, using the
oocyte expression system. Me prepared recombinant enzymes representing 0
natural and new mutations. (The natural mutations, although described in
the literature, were not available to us on a routine basis, so we have
prepared the recombinant enzyme as requrired.)

Over 20 CHEM constructs encoding various subtypes of hA(21 and hBuChZ
were expressed in microinjected oocytes. Measurements of catalytic
activities revealed that several of the examined amino acid substitutions
introduced into these ChE forms caused considerable decreases in substrate
hydrolysis rates by the oocyte-produced recombinant enzymes, as will be
summarized in the following.

b. substrate hydrolytic activities of native and recombinant 0
oocyte-produced enzymes

Recombination and site-directed engineering of four naturally occurring
allelic BuCuEcDHA clones (I-IV) was employed to create ten distinct
BuChEcDUA constructs (Nos. 2-11) carrying different combinations of single
point mutations, all of which -esult in amino acid substitutions. Fig. 28A
presents these clones in a schematic manner, and Fig. 28B,C present the
experimental design of the site-directed outagenesis employed to modify
Glu441 and Glu443. At a substrate concentration of 10 mM, all mutations
examined reduced the ability of these oocyte-produced enzymes to hydrolyze
BTCh (with the exception of Gly70/KisW14).

To examine whether the dramatic loss in catalytic activities which occurred 0
in the inactive Glyl441/Gln443 BuChE reflected changes in protein quantity
or altered catalytic properties, an inaunoblot analysis was performed on
detergent extracts of oocytes. The intensity of the relevant
immunoreactive protein band produced from the mutated constructs appeared
in this semiquantitative test to be indistinguishable from that obtained
with the wild-type BuChE (not shown). This implied that the site-directed 0
Gly441/Gln443 mutation impairs BuChE activity without substantially
affecting its rate of synthesis or its stability in the oocytes.

c. nontolerated mutations
The nontolerated BuChE mutants, which have very low or undetectable levels
of enzymatic activity, were expressed as proteins at levels comparable to
those of recombinant wild-type BuChS, as determined by competitive binding
to anti-BuChE (data not shown). Not surprisingly, we found the active site
Ser198 to be essential for BuChE activity. Its substitution by threonine,
glutamine, histidine or aspartate resulted in the complete absence of
activity, even after doubling the time of oocyte incubation. Even the
substitution of cysteine was very deleterious, having only approximately 1% 0
of the activity measured for the unmodified enzyme in control injections of
unmodified BuChbRRA. Mutation of Het437 to aspartate (Gnatt et al., 1994)
also resulted in near abolition of detectable activity, presumably because
the aspartate residue is introduced close to the active site histidine
residue, and disturbs the carefully constructed arrangement of the
catalytic triad.
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One of the charged residues located in the active site region, Glu441,
seems to be hydrogen-bonded to Glu197 by one or two water molecules (Schrag
et al., 1991). ?bese water molecules may have an important function in the
catalytic process. Indeed, Glu441Gly/Glu443Gln (Neville et al., 1992)
severely lowers enzyme activity. Alternatively, or additionally, the
lowered activity in the double mutant Gly441Gly/Glu443Gln, might be the
result of alterations in the structure of the substrate binding sites.

d. Km modifications
The Rm values toward BTCh were determined for the catalytically active
SudiE mutants, i.e., with modified Leu286, Phe329 or Tyr440. Impairment of
enzyme activity was more limited than with Ser198 or Net437 substitutions.
Modifications of Phe329 into cysteine, aspartate, leucine or glutamine were
all well tolerated, and the Km values of all these mutants did not differ
from the value measured for wild-type BudiB by more than threefold (Fig.
29A). In contrast, all of the examined modifications of Leu286
demonstrated up to 10-fold changes in K,, increasing in the sequence
Asp<Arg<GlntLys (Fig. 29B).

e. inhibition rate measurements
Pseudo-first-order rate constants were determined for the inactivation of
BuCE and two mutants by DFP (Fig. 30) and were compared with the ICso
values (Table 13). The fact that over a wide range, ICso values closely
track the rate constants -- their ratio remains roughly the same --
indicates that IC5 o values reflect rate of inactivation. However, there is 0 0
also a striking parallel between Ka values for the Leu286 mutants and the
ICso values (Table 13), which suggests that ICso values are determined by
affinity for the enzymes. Taken together, these observations indicate that
both reactivity and affinity are reflected in the IC5 o values.

f. inhibition of variant hBuChEs by anticholinesterases 0
The inhibitory efficacy of nine different anti-ChE drugs was examined with
recombinant forms of several of the natural occurring hBuChE variants. The
single substitution in BuChE, Asp70Gly, was found in these experiments to
render the enzyme insensitive to inhibition by SuccCh or Solanu, alkaloids
(see below) and resistant to 2-PAN reactivation following DFP inhibition
(Neville et al., 1990b). Table 14 details the natural mutations in BuChE
and the variations in ICso values of these various anti-ChE compounds. It
is obvious from this table that several of these mutations altered multi-
drug responses in the modified BuChE proteins.

g. Pro425 enhances "atypical" properties of Gly70 BuChE
The "atypical" BuChE phenotype is clinically characterized by the 0
resistance of the variant enzyme to SuccCh and dibucaine (Whittaker, 1986).
Using the separate Gly70 and Pro425 mutations in distinct transcription
constructs, the contribution of each mutation toward this defective
phenotype was assessed. For this purpose, ICso values with dibucaine or
Succdh were determined for each of the recombinant muteins as compared with
the wild-type enzyme of normal human serum. The single Gly70 mutation was
found in these measurements to increase the ICso with SuccCh by more than
an order of magnitude, in agreement with the finding of this mutation in
patients with records of post-anesthetic apnea (McGuire et al., 1989).
However, a much higher and apparently absolute resistance to SuccCh was
noted for the double mutant Gly70/Pro425 (ICso ) 1000 mM), demonstrating a
synergistic contribution of the Pro425 substitution toward a yet more
extreme "atypical" phenotype. moreover, the ICso for dibucaine was
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increased only twofold in the Gly70 mutein as compared with the normal
enzyme. In contrast, the double Gly70/Pro425 mutant became completely
resistant to dibucaine as well. The combination of Gly70 and Pro425
substitutions thus makes hzbb fully resistant to solanidine (see below),
SuccCh and dibucaine inhibition, in addition to preventing its reactivation
by oximes following OP poisoning.

h. substrate specificity altered in recombinant BuChE variants
To determine whether reduced catalytic activities observed for the various
BuChE variants reflected changes in the microenvironment of their active
sites, their affinities to various substrate analogs were examined (Fig.
31A,B). The choline esters studied included BTCh, benzoylcholine (BzCh),
ACh, SuccCh and propionylcholine (PrCh), all of which interact with DuM
through its presumed anionic (cation-binding) site. Normal Kichaelis
constants, Ka, with BTCh and dissociation constants, Ki, for BzCh were
observed for all mutants, varying slightly within a twofold range. Fig.
31A displays the Km and Ki values obtained for the various mutants. Tyr561
BuChE exhibited similarly normal binding to SuccCh, with a Ki of 1.7 oN.
However, all the other mutants displayed markedly higher (> 15-fold) Ki
values for SuccCh, indicative of major reductions in the enzyme's affinity
for this choline ester. The triple mutant Gly70/His114/Tyr561 displayed
the highest affinity, whereas the double mutants Gly70/Tyr561 and
Gly70/His114 exhibited less weakened binding of SuccCh. However, the
addition of Pro425 to Gly70/His114 resulted in complete resistance to SucCh * *
binding, with no inhibition being apparent, even at 200 on SuccCh, which is
similar to previous observations with the double Gly70/Pro425 BuChE variant
(Neville et al., 1990a).

All Gly7O-containing mutants displayed approximately 4- to 5-fold
reductions in binding of ACh as compared with the wild-type and Tyr561
enzymes, which showed profiles similar to those observed with SuccCh. In
contrast, PrCh binding was unchanged in the Tyr561 and Gly70/Tyr561
mutants. This conspicuous effect is shown in Fig. 31B. Addition of the
His114 substitution to Gly70, with or without Tyr561, resulted in 4-fold
reductions in PrCh binding, and addition of Pro425 to Gly70/His114 BuChR
further decreased binding.

i. resistance of Gly70 BuChE muteins to solanidine
Stable mutations in metabolically important proteins are occasionally
advantageous to organisms in which they occur, explaining the evolutionary
acceptance of the mutation and survival of the organism (Whittaker, 1986).
To reveal whether any of the tested variants belong to this category, we
examined their sensitivity to inhibition by naturally occurring Solanum
alkaloids (both aglycones and glycoalkaloid) and the cocaine derivative,
dibucaine. Solanidine, a steroidal alkaloid, is found in components of
common diets (the Solanacae include the potato, the tomato and the
eggplant), and its consumption causes acute poisoning (Whittaker, 1986).
On the other haid, it does not inhibit AChE (Roddick, 1989). At the non-
physiological concentration of 100 10, solanidine reduced to 65% the normal 4
serum enzyme activity and to 75% the activity of its oocyte-produced
recombinant form. Similarly effective inhibition (78%) was observed with
the recombinant Pro425 variant. In contrast, the two recombinant BuChE
muteins possessing the Gly70 substitution remained fully active in the
presence of 100 UK solanidine (86 and 98% remaining activities,
respectively), demonstrating that the Asp7OGly substitution is sufficient
to render BuChI resistant to toxic concentrations of this common dietary
alkaloid.
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A similar inhibitory trend was observed for the steroidal glycoalkaloid
alpba-solanine, which potently inhibits the usual recombinant and Tyr561
HuaMs with ICsos of 5.2 and 3.5 pm. The alpba-solanine inhibition curves
are presented in Fig. 32B. Bowever, Gly70-containing Dudil mutants
interacted with this drug, but displayed a much higher ICso value of 170 pi
(Fig. 32B). In contrast, the third Solanu compound examined,
alpha-chaconine, was found to be a potent inhibitor of all Gly70-containing 0
muteins with ICMo values 4 to 8 times lower than their corresponding values
obtained with alpha-solanine. Fig. 32C shows the distinct effects of
alpha-chaconine on the mutant ChEs.

Dose-response curves revealed normal binding of dibucaine to Tyr561 BuChB
(ICso 30 pN). Gly70 mutants carrying either His114 or Hisl14/Pro425
displayed marked resistance to dibucaine. In contrast, the
Gly70/HisI14/Tyr561 triple point mutant showed a decreased and an
interestingly biphasic dibucaine binding profile: at 0.1 mE dibucaine, this
mutant was significantly inhibited, but at 1 Ut dibucaine, its inhibition
was not further modified. Fig. 32A presents these changes in dibucaine
interactions for the different mutants.

In order to compare the effects of the site-directed mutations Gly441 and
Gln443 on dibucaine with those on SuccCh binding, enzymes were incubated
with two concentrations of dibucaine (0.1 UM, 1 mK) and SuccCh (10 an, 50
mM), and their remaining BTCh-hydrolyzing activities were determined.
While the ability of Gly441/Gln443 BuChE to bind SuccCh was virtually 0
unaffected, its ability to bind dibucaine was markedly reduced.

j. Gly70 BuChEs resist oxime reactivation
Oxime reactivation is employed in research and therapy to reverse the
inhibition of ChEs by toxic OP compounds (Edery & Schatzberg-Porath, 1958).
Estimations are that up to 1 million accidental poisoning cases occur per S
year worldwide, due to agricultural uses of OP insecticides leading to
inhibition of AChE and BuChE (reviewed in Soreq & Zakut, 1990a). To
examine whether the BuChE in individuals who carry the Gly70 and/or Pro425
mutations would potentially respond to oxime therapy, recombinant BuChE
muteins were first subjected to complete inhibition by 0.5 pM of the OP
compound DFP, and then were incubated with 10 am of the commonly used
oxime, 2-PAM. When administered alone, 2-PAM caused a limited reduction in
the activities of all four recombinant BuChEs. Following complete DFP
inhibition, 2-PAN restored 65% and 55% of normal serum BuChE as well as of
the oocyte produced normal Asp7O/Ser425 counterpart. The Asp7O/Pro425
enzyme was also reactivated, although to a somewhat lower level of 45%. In
contrast, both of the recombinant muteins carrying the Gly70 mutation 0
completely failed to be reactivated by 2-PAN. Furthermore, 20 aM of the
nonspecific nucleophile, hydroxylamine, effectively reversed DFP
intoxication in all of the recombinant BuChE muteins, demonstrating that
the resistance of these muteins to 2-PAM reactivation was not due to
accelerated "aging" of the Gly70 variant of BuChE (Silver, 1974). In view
of the generally accepted notion that the cationic 2-PAN interacts with an S
anionic amino acid residue (Quinn, 1987), this finding further demonstrates
the involvement of Asp7O in such electrostatic interactions.

k. disrupted interaction of Gly70 BuChE variants with OP and carbamate
inhibitors is ameliorated by additional substitutions

Interactions of all BuChd enzymes with the BuChE-specific OP compound
iso-ONPA, the nonspecific AChE/BuChE OP drug ecothiophate and the BuChE-
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specific carbamate prodrug bambuterol were markedly reduced by the presence 0
of the single Gly70 mutation, whereas the single Tyr561 and Pro425
mutations totally failed to influence binding of these compounds. However, JV"
inclusion of other mutations in conjunction with the Gly70 mutation
restored binding to various extents (Neville et al., 1992).

The expression system we ployed provided useful comparisons to natural •
Ches, since both substrate specificity and selective inhibition of oocyte-
expressed AChE and BuCht were nearly identical to those of the native
enzymes. Functional alterations were displayed by many of the
recombinantly produced BuChEa. Together with structural analysis, these
findings enable a dissection of functional regions in the studied proteins.
Mutant SuChEs were thus classified into four principal subgroups, according 0

to effects on enzyme function, as detailed in the following.

1. disturbance of liqand entrance into the active site gorge
A natural variant of serum BuChE, Asp70Gly, the "atypical" enzyme (Soreq &
Zakut, 1990a; Lockridge & La Du, 1978), displayed varied affinity to
numerous ligands (Neville et al., 1992; Neville et al., 1990a,b). ICSO 0
values obtained from inhibition by SuccCh, dibucaine, bambuterol,
physostigmine, ecothiophate and iso-ONPA were increased by at least 10-fold
over values measured for the wild-type enzyme (Neville et al., 1992;
Neville et al., 1990a,b). Although no change in Ka toward BTCh was
observed, the affinity to ACh was clearly reduced. Previous studies of
individuals with the "atypical" enzyme have, in fact, displayed lowered
affinity to dibucaine (Whittaker, 1986). However, biochemical studies
alone could not attribute the differences in ligand affinity to specific
amino acid residues or define their position in the protein. Thus, both
disturbed ligand interactions and disturbed ligand penetration to the
active site can display lowered affinity. To comprehend what determines
the ChE affinity constants toward specific ligands, it is therefore crucial
to assess the regions in Ch•s that are involved in binding and penetration
of ligands.

In essence, binding affinity consists of ligand penetration in addition to
its binding to the various subsites in the active site center. Thus, not
only the hydrophobic binding sites but the rim of the gorge, residues 0
around the rim, and the gorge lining may contribute to the affinity
constant. The altered affinity displayed by AspOGly (which changes the
acidic aspartate to a neutral glycine residue) to some basic ligands, such
as ACh and SuccCh, suggests that the charge plays a role in drawing these
ligands into the gorge. This is supported by the unaltered affinity to
this variant of choline esters that contain bulky hydrophobic chains, such 0
as BzCh (Neville et al., 1992). Thus, the Asp70 residue may constitute
part of the previously predicted peripheral site. This raises the
possibility that the peripheral binding site inferred from biochemical
studies may exist, in addition to the hydrophobic choline binding site, as
a composite of multiple residues to which these hydrophobic ligands bind.
The rim area which contains additional hydrophobic residues, hence might 0
contain yet other sites involved in attracting hydrophobic ligands. These
could function before the ligands are pulled into the gorge by Asp70, and
prior to their "sliding down" the hydrophobic lining until they reach the
active site.

a. interrelationship between substrate and inhibitor interactions 0
Changes in inhibitor sensitivities of mutants of Leu286, Phe329 and Tyr440
were routinely screened by determination of ICso values. We employed three
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Or inhibitors with different properties: DFP, a potent Chl inhibitor with
relatively small volume, iso-ONPA, a relatively bulky OP agent selective
for Butt, and ecothiophate, an OP with structure analogous to BTCh (Fig.
298). Table 13B presents their ICso values as determined for each of the
analyzed RuChi mutants, and as compared with the changes observed in 9- for
these mutants. As noted, ICso values increased for various Leu286 mutants 0
in the same order as the K. values i.e. AsptGln<Lys, yet in certain
mutants, ICso variations were far more pronounced than those observed for
F. values. The Leu286 mutants, Leu286Lys and Leu286Asp, in particular
showed little change in K-, but decreased sensitivity to both ecothiophate
and iso-ONPA. Sensitivity to the smaller OP agent DFP was less affected.

OP sensitivity was either decreased or enhanced for Phe329 mutants. Thus,
substitution of Phe329 by the polar cysteine or glutamine residues, which
did not cause any significant change in Kim, resulted in a 10-fold decrease
in the IC.O of the BuChd-specific OP, iso-ONPA, demonstrating distinct
requirements for inhibitor and substrate interactions at the acyl binding
pocket. In contrast, with the Phe329Gln and Phe329Leu mutants, decreases S
in the ICsos of the smaller OP, DFP, were only approximately 3-fold, while
the ICno values of the substrate analog OP, ecothiophate, were increased
10-fold. Decreased sensitivity to ecothiophate was also observed for
Phe329Leu and Phe329Asp, indicating that many kinds of substitutions of
Phe329 -- acidic, basic, polar and nonpolar -- were effective in reducing
sensitivity. However, for iso-ONPA and DFP, substitution with aspartate * 0
somewhat reduced sensitivity, but other substitutions -- cysteine, leucine
and glutamine -- all increased sensitivity. Tyr440Asp showed an unmodified
K., and nearly uniformly decreased sensitivity to all three OPs. Thus,
inhibitor and substrate interactions are affected by charge, polarity and
volume in a structure-dependent manner for each inhibitor and modified
residue. 0

n. an AChE/BuCh] chimera
Toward learning which residues determine Chl specificity, we replaced
residues 58 through 133 of rhBuChZ with the corresponding residues of
rhAChE, those that form the outer rim and surface of the active site gorge,
and the choline-binding site. The resulting chimera had properties
intermediate between its two parents: it retained the specificity and Km
value toward BTCh of BuCh•E, including its sensitivity to SuccCh and
physostigmine, but acquired the AChE-like sensitivity to ecothiophate and
iso-ONPA, and had characteristics intermediate between the two parents
toward the inhibitors bambuterol, dibucaine and BW284C51 (Figs. 33, 34,
Table 15). We analyzed these findings in light of the 3-dimensional model 0
that had been constructed by placing the hBuCiE sequence into the Torpedo
AChE structure. The data suggest that the residues that affect the
attraction of ligands to the active site are Tyr72, Asp74, Tyr124 and
Trp286, and in BuChE, residues Asn68, Gln199 and Ala277, in addition to the
conserved Asp70. Moreover, the chimera seemed to have lost substrate
activation, characteristic of BuChE. Therefore, the peripheral anionic 0
site, historically identified by such activation or inhibition studies, has
apparently been altered.
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DISCUSSION
A. The ALhi coding sequence, structural and biological properties

Amino acid sequnce homologies to other CHR, the ATOh hydrolyzing activity
of the recombinant enzyme and its inhibition by ACHE-specific but not by
DCHE-specific inhibitors clearly identified our composite nucleotide
sequence as a DNA encoding human AChB. This made How sapiens the first
species in which ACHE and BDHZ sequences could be compared. The overall
sequence conservation between these two proteins implies some common
physiological role(s) and is compatible with the cross-homologies displayed
by polyclonal antibodies directed against recombinant, nonglycosylated
BuChE peptides (Dreyfus et al., 1988). In contrast, the considerable 0
differences between these primary amino acid sequces and their dissimilar
glycosylation levels may explain their previously reported lack of cross-
imunoreactivity with monoclonal antibodies (Rakonczay & Briajoin, 1988,
Liao et al., 1992).

ACHE DNA presents a G,C-rich pattern of codon usage, characteristic of
housekeeping genes with tendencies to replicate and be transcribed early in
the cell cycle (Holmquist et al., 1988), yet it is not a usual housekeeping
gene as it is mostly expressed in terminally differentiated cells (i.e.,
nerve, muscle and hematopoietic lineages committed for differentiation).
In contrast, BCHE DNA is A,T-rich (Prody et al., 1987, NcTiernan et al.,
1986), as expected from a tissue-specific gene with transiently high levels 0 O
of activity following cell division (Layer et al., 1988). Consequently,
there is essentially no cross-hybridization between the AChE and the BuC(E
cDMAs (Lapidot-Lifson et al., 1989). The BCHE gene, too, is not a typical
tissue specific gene. It is expressed in similar yet not identical cell
types to those expressing ACHE, and its major site of expression is in
hepatocytes, which do not express AChE (Prody et al., 1987, Soreq et al., 0
1990b). Thus, although these two genes apparently diverged long ago in
evolutionary history, selection pressures apparently kept their encoded
polypeptides from extreme evolutionary drift. Being a G,C-rich gene, ACHE,
in contrast to BDHE, displays abundance of Arg and Ala residues (not Ser,
Lys). This should increase the thermostability of the AChE protein and may
serve as a selection advantage for warm-blooded animals (Bernardi, 1989). 0
Consequently, the folding energies for ACHE polypeptides have apparently
adapted according to the living temperatures of their corresponding
organisms of origin. Indeed, it was found difficult to express Torpedo
AChE in mammalian cell culture unless temperature was lowered (Krejci et
al., 1991a). The G,C-rich composition of the ACHE gene further implies
differences in transcription control. Thus, the G,C-rich attenuator
sequence in ACHE DNA may serve to control the transcriptional activity of
this gene in analogy to the attenuating function of structures with
similarly high free energy which have been observed in viral sequences
(Kessler et al., 1989). The origin and mechanisms responsible for the
surprising phenomenon of cholinesterase gene amplifications in germ (Beeri
et al., 1992) and tumor tissues (Zakut et al., 1990) may also be related S
with this particular gene structure.

Apart from its conspicuous homology with members of the hydrolase family,
the primary sequence of human AChE resembles that of noncatalytically
active proteins such as thyroglobulin (Krejci et al., 1991a) and Drosophila
neurotactin (De la Escalera et al., 1990). While the homology with S
thyroglobulin was taken as merely reflecting evolutionary divergence of
comon peptide domains (Taylor et al., 1991), the homology with neurotactin
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is far more intriguing as it may shed new light on noncatalytic activities
in which ACHE is involved. Naurotactin is an integral aembrane protein of
the Dzosophila nervous system, expressed early in the embryonic development 4
of differentiating neurons (De la Escalera et al., 1990). It confers
heterophilic adhesive properties to cells that express it (Barthalay et
al., 1990). The existence of the L.3 (Leucine-Arginine-Glutamate) motif,
important for adhesion of neurons to the extracellular protein S-laminin 0
(Hunter et al., 1991), has been implicated with the mechanism for adhesion
of neurotactin. This motif is present only in human ACHE protein and
resides on the protein surface (position 395). Methods of genetic
engineering and cell biology (i.e., transfection following site directed
mutagenesis in the LRE motif) should be used in order to reveal whether the
LRE motif participates in cell adhesion properties conferred by ChEs. 0

B. The ACHE promoter region and its cross-species activity
Rucleotide sequencing of a 596 bp fragment upstream from the initiation
site for transcription in the ACHE gene revealed numerous consensus motifs,
characteristic of binding sites for various transcription factors. This
region thus contains consensus recognition sites for ubiquitous and
tissue-specific transcription factors characteristic of genes expressed in
muscle and nervous tissue, in hematopoietic cells, and during embryonic
development. This complement of potential regulatory elements is in good
agreement with the multiplicity of human tissues and developmental stages
where the ACHE protein has been observed (Silver, 1974; Soreq & Zakut,
1990a). Furthermore, binding sites for early/immediate gene products • 0
(i.e., Egrl) may explain ACHE expression in tumor tissues, and may relate
to the tumorigenic amplification of this gene (Zakut et al., 1990; Soreq &
Zakut., 1993). The CREB and Egrl elements predict a developmentally
regulated response of the ACHE gene to cAMP-inducing stimuli and signal
transduction pathways, respectively, in nervous system cell lineages. The
existence of an NFkB element within the first intron could further imply 6
that expression of the ACHE gene in lymphocytes is subject to cell cycle-
related control, limited to the GO-Gi transition phase (Baldwin et al.,
1991). The presence of a GAGA element suggests control by additional
distant enhancer sequences (Biggin and Tjian, 1989).

The long-standing contentions that the spatiotemporal regulation of ACHE 0
indicates a role for this enzyme in the morphogenesis of various organs and
tissues (Drews, 1975; Layer, 1991) is supported by the presence of AP.
elements (Mitchell et al., 1991) in the ACHE promoter and corroborated by
our recent findings that ACHE overexpression induces structural changes in
developing Xenopus NUJ (Seidman et al., 1993). The human ACHE promoter
also displays similarities with the promoters for testicular proenkephalin 0
(Kilpatrick et al., 1990), rat cytochrome C (Virbasius & Scarpulla, 1988),
human porphobilinogen (Chretien et al., 1988) and the mouse ACHE gene (Li
et al., 1993a) in its independence from canonical CAAT and TATA boxes and
its inclusion of C,G-rich regions and SPI binding sites. This may account
for our previous observations of AChE expression in developing human
oocytes (Malinger et al., 1989) and sperm (unpublished). In particular, 0
the possible role of the SPi recognition sequence, as well as those of
other promoter features, in germ cell transcription of the ACHRE gene merits
further invastigation. It will be necessary to delete and/or to mutate
those putative binding sites in order to fully understand their role/s.

Conjugated to an AChE-encoding reporter sequence, the human ACHE promoter
directed transcription of AChEaRUA in microinjected Xenopus oocytes and
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early embryos. Mlicroinjected Zenopus oocytes (reviewed by Soreq & Seidman,
1992) and embryos (Itkin et al., 1984) have been shown to transcribe a
variety of heterologous promoters. However, stage or tissue-specific
regulation of exogenous DEaS has been difficult to achieve (discussed by
Krieg & Melton, 1984). To our knowledge, the present study may represent
the first successful attempt to express a human promoter in Xenopus
embryos. we cannot yet conclude to what extent the accumulation of ACHE in
myotomes of 2-day-old microinjected embryos reflects the involvement of
developmentally regulated or tissue-specific factors. However, we observed
a steady, developmentally regulated increase in endogenous ACHE levels
correlated with nervous system development and the acquisition of motor
function in the embryos, at about this time (Seidman et al., 1993, in
agreement with others (Gindi & Knowland, 1979). It is therefore tempting
to speculate that the deposition of catalytically active ACHE in muscle
reflects the specialized nature of these cells, and may coincide with the
developmentally regulated expression of other muscle-specific proteins
(Hopwood et al., 1992). The low levels of detectable ACHE in homogenates
of •pAChE-injected embryos suggests that the spatiotemporal expression of
catalytically active enzyme from tis plasmid in the embryo may be
restricted. Since the differential cytochemical staining patterns observed
between HpAChE- and CKVACHE-injected embryos do not appear to account for
the 20-fold difference in biochemical activities, it is possible that the
OUVACHE construct is less limited in its tissue specificity than the HpAChE
construct, and that a significant proportion of the heterologous enzyme
produced from the CNVACHE construct is ecreted under conditions of high * *
overexpression.

The high levels of ACHE hydrolyzing activity that have been found in
embryos and oocytes injected with the OV promoter-enhancer conmcuct can
be explained in light of the transcription factor binding sites included in
this sequence. This calls for a comparative analysis of these two
eukaryotic promoters. The OEV promoter-enhancer region, in contrast to the
human ACHE promoter, contains functional TATA and CAAT boxes, active in
the initiation of transcription. Five SPI elements can enhance the levels
of transcription from the C0V promoter. In addition, this region contains
four binding sites to NFkB, known as a transcription regulator in the
hematopoietic system and the Zeste factor, controlling embryonic
transcription in Drosophila. Altogether, the factors found in the CKV may
be responsible for its strong transcription activity, as compared with the
lower efficiency HpACHE sequence. In addition, it is possible that the 2.2
kb upstream region of the ACHE gene, or particularly intron I in this gene,
contains one or several repressor elements responsible for its low level of
expression. Molecular studies using intron I deleted constructs will be
useful to verify this issue.

It is interesting to note that there is no MyoD element in the CKV
promoter-enhancer region (as compred with 6 sites in the human ACHE
promoter), an element important for expression in muscle and which exists
in promoters of other M1J genes, such as the nicotinic cholinergic
receptors (Heinemann et al., 1987). Three putative binding sites for KyoD
have been found in the enhancer region of the mouse gene encoding the
beta-subunit of the nicotinic acetylcholine receptor, one of the major
components of vertebrate 111J, (Prody & Nerlie, 1991). Moreover, all of the
genes encoding acetylcholine receptor submits in all species examined so
far have putative binding sites for a multitude of additional myogenic
factors (discussed in Prody & Merlie, 1991). However, transgenic mice
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constructed with different genes driven by the CMV promoter show
transcriptional activity in myotomes and adult skeletal muscle, despite the
fact that the 01V promoter lacks NyoD elements (Kothany et al., 1991). In
our study the (2V promoter was active in embryonic myotomes and muscle,
perhaps suggesting that its activity there is due to some other factor(s)
(e.g., Teste, SP1) which drive expression in embryonic tissues. 0
Alternatively, it is possible that we observed expression products of
residual AChZmRK molecules transcribed from the VWACHE construct at an
earlier phase in embryonic Xenopus development.

The high steady-state levels of AOmRMA found by hybridization in brain
basal nuclei as compared with hippocampus most likely reflect intensive 0
transcription of the ACHE gene in brain areas enriched with cholinergic
cell bodies. These observations are in line with recent in situ
hybridization studies, where high levels of AChEmRNA and catalytically
active AChE were observed in human striatum, included in the basal nuclei.
Moreover, cholinoceptive hippocampal neurons were shown in this latter work
to express considerably lower levels of AChEmRNA as compared with •
cholinergic neurons such as those in the basal nuclei. In muscle, the
relatively low levels of AChEmRMA may be attributed to the limitation of
transcription to subsynaptic muscle nuclei (Rotundo et al., 1992).
However, other factors such as differential stability of muscle AChEARNA
should also be considered (Taylor, 1991). Also, adult brain and muscle may
differ in their AChEmRNA levels from the fetal tissues studied in the * *
course of this work.

It has been shown that ectopic expression/overexpression of developmentally
important genes can lead to gross morphogenic aberrations. Several
examples can be given to this phenomenon: ectopic expression of the proto-
oncogene Int-1 results in duplication of the embryonic axis in Xenopus
(McMahon & Moon, 1989). In another example, changes in cell fate in
Xenopus embryos result from ectopic expression of a homeobox gene (Niehrs &
De Robertis, 1991). In contrast, ectopic overexpression of human AChE in
early Xenopus embryos imposed no overt barriers to apparent normal
development. This finding is striking considering the dramatic 10-fold
increase in AChE at NMJs of injected embryos and in view of the high rate
of hydrolysis and the important physiological function attributed to this
enzyme (Soreq & Zakut, 1990a, 1993; Soreq et al., 1992). Refined electron
microscopy revealed no apparent differences in the integrity of myofibrils,
yet demonstrated that overexpressed human AChE alters the properties of
NMJs in transgenic Xenopus embryos (Seidman et al., 1993). The short time
course of these experiments should also provide a convenient framework in
which to assess the physiological import of natural and site-directed
mutants of recombinant human ChE's (Neville et al., 1992; Soreq et al.,
1992). Moreover, our present observations foreshadow the use of Xenopus
embryos for coinjection experiments approaching the transactivation of
various promoter elements and/or other elements in the vicinity of the ACHE
gene by tissue-specific mRNAs (see, for example, Benvenisty et al., 1989).
Furthermore, coinjection with DNA encoding other important synaptic
proteins may lend insight into the complex interactions between these
molecules at their site of function. Transiently transgenic Xenopus
embryos thus provide a convenient, versatile system for integrative studies
of the multileveled regulation of synapse formation and functioning.

The deposition of overexpressed enzyme in developing NMJs indicates
tissue-specific trafficking of recombinant AChE to the correct
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extracellular cd partmenti surrounding s oaitic muscle cells. indeed, these
experiments add the targeting of •hZ to MJs to the list of
evolutionarily conserved properties characteristic of this enzyme. @
Together with the spatially restricted expression shown for AChE (Rotuni &
Gomez, 1990) and the nicotinic acetylcholine receptor (Changeux, 1991 ) in
cultured muscle cells, these results may indicate the existence of a
dedicated transport mehnsm for localizing postsynuaptic membrane

proteins.

The human ACHE promoter is particularly rich in C,G residues and CpG
dinucleotides. This, in turn, implies that it is susceptible for
regulation by DNA methylation (Razin & Riggs, 1980). Dissection of the
AC gene into its various components further revealed that the C,G 0
nucleotides and CpG dinucleotides are not distributed evenly. Thus, the
promoter dcaain is most enriched in clustered CpG dinucleotides,
predicting suppression of tissue-specific gene expression through
methylation sites interference with the binding of transcription factors at
the promoter region. The abundance of CpG dinucleotides in the I1, but not
the 12 intron, may further reflect the existence of functioning enhancer S
elements in the II domain, a possibility which should be pursued.

C. Alternative splicing in the human ACHE gene as a mechanism to create
AChE polymorphism

Combined analyses of genomic DNA and RNA from human brain, muscle and 0 0
myeloid R562 cells delineated a 1.5 Kb intron (II) and a short 74 bp exon
(El) in the 5' upstream region of the human ACHE gene. The ACHE gene
further appears subject to a similar, dominant splicing of two more introns
(12, 13) in all of the above analyzed tissues. The resultant major mRXA,
representing exons El, E2, E3, E4, and 16, encodes a globular hydrophilic
ACHE. This is the catalytic subunit which may remain soluble (Doctor et
al., 1991), interact with the collagen-like subunit characteristic of
asymmetric ACHE at the neuromuscular junction (Krejci et al., 1991a), or
associate with a lipid-containing stuctural subunit in brain (Inestrosa et
al., 1987; Roberts et al., 1991). Moreover, brain tissues express
relatively high levels of AChERNA, much more than muscle tissue as shown
by RNA blot hybridization. In addition, cDNA libraries constucted from the 0
brain tissue were found to be relatively rich in AChEcDNA as compared with
a muscle library.

The variable intensity of ACh~mRNA expression may further reflect yet
uncharacterized contribution of additional promoter sequences and/or
alternative splicing pattern(s) at the 5'-domain. In mouse, there is
recent evidence for three alternatively spliced mRXA species which differ
in their 5'-untranslated region (Li et al., 1993b). The first contains a
60-70 bp long exon I detected in muscle, brain and erythrocytes (as in the
human hydrophilic ACh&mRNA). The second contains a longer exon 1, with at
least 229 bp upstream to the brain exon I sequence, and is primarily
detected in brain. In the third, a minor species appearing in mRNA tested
from muscle, brain and erythrocytes, splicing of exon I with 2 occurs 860
bp upstream from the major exon 2 acceptor site (i.e., 860 bp from intron
I are, in this product, included in exon 2). It is possible that the
apparently larger size of AChEmNA from basal nuclei as compared with the
cumulative length of exons I through 6 reflects similar phenomena in human
tissues. A 200 bp larger exon I could tentatively explain the excessive 0
length of mRHA, 0.4 longer than the cumulative length of E1-4+÷6. However,
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the relatively low levels of AChRRMA in human brain hampered with our
efforts to detect a yet larger species of AOI•ENA (the third type) or to
examine this issue by 5'-extension.

Concerning the 3' region of A•1IDMA, we observed in RDA-PCR analyses that
the fourth intron (14) which follows the fourth exon, is variable in size. 0
Within human brain and muscle, 14 is 829 bp long and its splicing connects
the 54 and the R6 exons. Alternatively, in the tumor cell line K562, the
3'-terminal 751 residues from 14-Z5 or the entire 829 residues, including
14, are expressed and directly continued by the 16 exon. This leads to the
production of the 14-Z5 or the 15-containing AChEARMAs. The two predicted
alternative enzymes produced from these mRNAs share their C-terminal 0
peptide, which provides a potential link to membranes through
phosphoinositide (PI) moieties (Roberts et al., 1991).

The 14 intron as well as the other introns conform with the 5' and 3'
consensus splice sites and the poly-pyrimidine stretch rule (see also Li et
al., 1991). Apart from these requireents, there are also non-sequence- •
specific requirements for minimal distances between the conserved elements.
These are fulfilled in all introns, including I4, which is a very small
intron (78 nucleotides). In mammalian introns, the minimal distance
between the branch point and 5' splice site is about 50 and 18 nucleotides
for the separation of the branch point from the 3' splicing s ite (58 and 20
nucleotides, respectively, in 14) (reviewed by Smith et al., 1989). These • •
minimal separation requirements are likely to reflect the steric constrains
for binding of splicing factors to the pre-mRKA substrate (Chabot & Steitz,
1987).

The abundance of X6 mheA in R562 cells, similar to various vertebrate
erythrocytes in their apparently exclusive production of PI-linked AChE
(Roberts et al., 1991), remains puzzling. The minor nRNA (including Z5)
detected in these cells and in murine bone marrow (Li et al., 1991)
potentially encodes a PI-linked AchE. However, blot hybridization of the
PCR product derived from the alternative 95 containing transcript revealed
a weak signal in K562 cells compared to that reflecting 16. Together these
data indicate a substantial excess of 56 over Z5 AChEsRNA in 1562 cells, 0
leaving the fate of E6 smIA and its putative protein product in
erythropoietic lineages unresolved. Peptide-specific antibodies will
reveal if the predominant 14,56 containing AChImRMA species in 1562 cells
is translated into an active hydrophilic protein.

An interesting difference between AChE in nervous tissue and that of 0
hematopoietic cells is that the first has to be transiently and rapidly
induced according to need, whereas the latter is apparently expressed
constitutively (Rakonczay & Brimijoin, 1988). Moreover, the bulk of
AChEaJIA produced in the nucleated erythroid precursor should suffice to
produce ACHE throughout the life span of the mature anucleated and
terminally differentiated erythrocyte (120 days). This, in turn, predicts 0
that the AChEmRNA subtype encoding the erythrocyte-specific PI-linked form
of the enzyme, but not brain AChEmRNA, should be especially stable.
However, both *RNAs are initially designed with the same nontranslated
3'-termini, which contain a consensus motif for selective AmA degradation
(Shaw & Kamen, 1986). This AUUUA motif apparently functions as a
recognition signal for an aRNA degradation pathway that is common to 0
certain lymphokines, cytokines and protooncogenes. Interestingly, a
similar AUUUA signal is also included in the 3'-terminal sequence of S-
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0 6
globin mRRA (Lange and Spritz, 1985), demonstrating that it does not •
preclude a long-term erythrocytic expression. Moreover, differential
stability was shown for muscle AhRMA in cell cultures (Fuentes & Taylor,
1993), suggesting that it depends on elements other than sequence alone.
Further experiments hence would be required to explain the mechanism(s)
through which the differential stability of various ALhERNA forms is
controlled. •

D. Potential differences between the 3 variable protein products of the

The above described pattern of alternative splicing predicts differences in
the nature protein product. Thus, the 583 amino acids (aa) long ALhE in
brain is composed of four peptides contributed by exons 2,3,4 and 6 as 0
transcribed in the major AChmRMA. RNA-PCR analyses predict that in the
K562 hematopoietic cells in humans, two additional different ACHE subunits
should be produced. Thus, the hydrophobic, hematopoietic ACHE should
divert from the major sequence at position 544, which corresponds to the
site where alternative splicing connects the 14-E5 or E5 domains to the
nascent AChEmBNA and modifies the inferred translation product. Both of 0
the alternative AChE peptides interestingly contain a free cystein residue,
which implies that both may be linked through a disulfide bond to another
subunit, to create the AChE diners characteristic of erythrocyte AChE
(Gennari et al., 1987). The predicted hydrophobic ACHE should be 557 as
long, with its 14 C-terminal aa translated from the open reading frame in
the alternative 15 exon. The readthrough form should be 583 aa long with 0 0
its 40 C-terminal aa translated from 14-E5 (Karpel et al., 1993). Yet 29
more residues, also translated from the E5 exon, constitute a hydrophobic
cleavable peptide characteristic of precursors to PI-linked proteins (Low,
1987; Ferguson, 1988) and present in both the hydrophobic and the
readthrough forms. Such peptides are known to be proteolysed off the
precursor polypeptide soon after its translation, which provides the energy
required for linkage of the PI anchor. The trypanosoma VSG coat protein
(Boothroyd et al., 1985) and the nervous system Thy-1 protein (Seki et al.,
1985) are known examples for such processes. Interestingly, the human gene
differs in this region from the mouse gene, which encodes only one
PI-anchored protein as the 14 domain in mouse is nontranslatable (Li et
al., 1991). 0

The cleavable C-terminal peptide encoded by the 15 domain in the ACHE gene
bears no homology to other GPI-anchored peptides, whether AChE-related or
others. However, comparing different GPI-anchored proteins revealed no
homology among them either and suggested that the signal is of a general
nature. To this end, Moran & Caras (1991) showed that in order to produce 0
GPI-anchored proteins, the sequence should contain a hydrophobic tail and a
site for cleavage that includes two small amino acids (Histidine and
Glycine in E5) located 10-12 aa downstream from the cleavage site. The
above requirements are both fulfilled in Z5. Moreover, Synthetic signals
which fulfill these requirements were shown to direct human growth hormone,
a screted protein, to the plasma membrane via a GPI-anchor (Moran & Caras, 0
1991). In Torpedo, it has been shown that the C-terminal peptide of the
GPI form of ACHE is sufficient to determine the addition of a GPI anchor
(Duval et al., 1992). Thus co-expression of the ACHE catalytic subunits
with a chimeric subunit in which the N-terminal domain of the collagenic
subunit (QN) was linked to the C-terminal peptide of the GPI form of
Torpedo, produced GPI anchored tetramers. The authors concluded that the 0

QN domain is sufficient to bind catalytic AChE tetramers. It therefore
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sem likely that the human 15-originated cleavable peptide would be
similarly effective in this goal.

The polypeptide chains encoded by human AChE were subjected to computerized
plot structure analysis according to the Chou-Fasman prediction (1987).
This analysis provides best-guess predictions regarding folding patterns
within the analyzed proteins as well as evaluations on the probability of
particular peptide domains to be located at the surface of the fully folded
enzymes. The outcome of this analysis is in line with the crystallography
data depicting a globular structure with a central well where catalysis
takes place and with an external position for the C-terminal peptide on the
surface of the catalytic subunit (Sussman et al., 1991).

AChE forms with apparently modified biochemical properties were found
associated with various tumor types (Zakut et al., 1988, reviewed by Soreq
et al., 1991, 1992) and the demented brain of Alzheimer's disease patients
(Navaratnam et al., 1991); one wonders whether alternative splicing could
contribute to these modifications. Also, AME is expressed in a variety of
hematopoietic lineages, and particular cell types within the bone marrow 0
may differ in their choice of splicing options for AChEARNA. This may be
physiologically important, since C-terminally mutated variants of human
BuChE display distinct differences in their inhibitor interactions as
compared with the normal enzyme (Neville et al., 1992). It is therefore
possible that the alternatively terminated hematopoietic AChE forms may
also demonstrate inhibitor interactions distinguishable from those of the * 0
brain enzyme. In addition, splicing of AChEmRNMA in early embryogenesis
calls for further investigation. Thus, the regulation of AChE biosynthesis
presents an intricate model for the complex modulation of tissue-specific
gene expression and involves multiple stages of the biosynthetic pathway.
Having the necessary molecular tools and expression systems, integrated
studies of these different levels of control in various tissues and stages 0
of development may now be instigated.

Several experimental approaches may be useful for verification of the above
predictions. Structure-function relationship studies using in vivo as well
as cell culture model systems based on site-directed mutagenesis will map
the major domains involved in the various aspects of ChE activities. •
Comparison with x-ray crystallography studies which delineated the
three-dimensional structure of the active enzymes (Sussman et al., 1991,
Harel et al., 1992) can verify the significance of such studies at the
submicroscopic level. The detailed molecular mechanisms leading to the
polymorphic properties of ChEs in various tissues can thus be searched for
in different expression systems. Eventually, the combination of multiple 0
scientific approaches and model systems will hopefully reveal the
biological function(s) of ChEs in specific cell types and developmental
stages.

In summary, the pleiotropic, developmentally modulated expression and
molecular polymorphism of AChE in humans may be attributed to 0
transcriptional, posttranscriptional and posttranslational control
mech.-nisms. These, in turn, depend on the functioning of multiple nuclear
transcription and splicing factors and on the association of the different
C-terminal peptides in the catalytic subunits with variable structural
elements. Understanding of the molecular mechanisms involved in this
intricate expression pattern now provides the necessary tools to 0
investigate the implication of AChE in mechanisms of cholinergic function
and dysfunction.
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R. AChZ is implicated in neuromuscular junction development
In both oocytes and embryos, rhAdiZ retained the biochemical and
irmunochemical characteristics of the native human enzyme and was clearly
distinguished from endogenous Zenopus AChX. Although no direct
interactions between rhAdiB and endogenous Xenopus AWhE catalytic or
structural subunits were observed, calculations of Zwbopus Ahil levels in
microinjected embryos indicated that some feedback regulation may be 0
operative in repressing endogenous ACh biosynthesis under conditions of
overexpression.

uctopic gene expression/overexpression often results in gross morphogenic
aberrations (Harvey & Nelton, 1988; Mcfahon & Noon, 1989; Sokol et al.,
1991), yet we found that Xenopus embryos can tolerate large excesses of
catalytically active heterologous AChE without suffering gross
morphological or developmental abnormalities. This observation is
especially interesting in light of evidence implicating AChE with the early
embryonic development of noncholinergic tissues (Drews, 1975) and with
developmental processes such as gastrulation and cell migration (Drews,
1975; Fitzpatrick-NcElligot & Stent, 1981), nerve outgrowth and 0
differentiation (Layer, 1991), and proliferation and differentiation of
hematopoietic cells (Lapidot-Lifson et al., 1989,1992; Patinkin et al.,
1990). As neither the overall rate of development nor the general
morphology of CNVACHE-injected embryos was altered by 50- to 100-fold
excesses of the active enzyme at the gastrula stage, our findings do not
support a role for rhAChE in modulating cell growth, proliferation, or 0 O
movement in very early xenopus embryogenesis. However, since these
biological activities may be unassociated with acetylcholine hydrolysis,
they may demonstrate species specificity and remain undetected in our
system. Nonetheless, the teratogenic effects of several OP poisons on
skeleton formation (Neneely & Wyttenbach, 1989) and somitogenesis
(Hanneman, 1992) have been correlated to their anti-ChE activities (see 0
also Zakut et al., 1991) and suggest the use of AChE-transgenic Xenopus
tadpoles to examine the mechanisms underlying these effects.

Despite their lack of NyoD elements, some constructs carrying the
pan-active 0EV promoter (Schmidt et al., 1990) were shown to be expressed
in myotomes of transgenic mouse embryos (Kothary et al., 1991). Therefore, 0
the characteristic subcellular segregation of overexpressed rhAChE in
muscle may reflect either tissue-specific biosynthesis or posttranslational
processing of nascent enzyme present in myotomal progenitor cells at the
onset of myogenesis. The high levels of rhAChE present in gastrula stage
embryos may argue for the latter possibility. In that case, the
cytochemical data indicate the existence of an intrinsic, evolutionarily 0
conserved property directing the subcellular trafficking of AChE in muscle,
and thus explain the accumulation of rhAChE in MUJs of ACHEDNA-injected
embryos. Furthermore, these results may imply that cotranslational
processes are not required for the correct compartmentalization of AChE in
muscle cells. In a similar vein, purified recombinant synapsin was shown
to be incorporated into synaptic nerve terminals of cultured myotomes 0
following microinjection into fertilized Xenopus eggs (Lu et al., 1992).
The conspicuous intracellular accumulation of active AChE in developing
myotomes of both control and experimental embryos reflects the retention of
an enzyme presumably destined, by its possession of a signal peptide, for
transport to the cell membrane. Our observations therefore indicate that
some fraction of nascent AChE may be produced on smooth polyribosomes in 0
muscle and remain within an intracellular cytoplasmic pool.
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The general state of myotomal overexpression induced by aicroinjection of
CWVACHZ persists at least 3 days. However, the area covered by reaction
product in cytochemically stained M3Js derived from day 3, OWVACE-injected
embryos was only 4- to 5-fold over that observed in controls. This figure
represents a 2-fold lower excess than that measured in day 2 MJs (Ben
Aziz-Aloya et al., 1993) yet is slightly greater than the ratio of
recombinant human to frog AChE as determined in homogenates at day 3 0
(Seidman et al., 1993). The apparent reduction in the level of synaptic
overexpression from Pr day 2 to day 3 may reflect the overall decline in
total rhAChi activity observed during this period. However, since this
calculation does not consider the higher-density staining observed in NiJs
from COVACHm-injected embryos, it represents an underestimate of the actual
synaptic AChE content. Therefore, our data indicate enhanced stability of
rhAChZE at the NMJ compared to the total pool, a conclusion consistent with
the observation that extracellular matrix-associated AChE persists in situ
long after denervation of adult frog skeletal muscle (Anglister & Ncfahan,
1985).

Nammalian cells cotransfected with cDNAs encoding catalytic and 0
noncatalytic AChE subunits (Krejci et al., 1991b) produce multimeric
globular and asymmetric AChE, indicating that spatial coexistence may
normally be the only requirement for multimeric assembly. Human cell lines
transfected with various OWACHE constructs similarly express and secrete
homooligomers (Velan et al., 1991a; Kronman et al., 1992b). rhAChE
displayed oligomeric assembly in microinjected Xenopus oocytes, but not in S S
developing embryos where only monomeric rhAChE was detected. Nonetheless,
rhAChE was found to accumulate in its natural subcellular compartments and
was correctly transported to the NMJ of transiently transfected tadpoles.
These findings are puzzling in light of the demonstration that secretion
appears linked to oligomerization in transfected human 293 cells (Velan et
al., 1991b; Kerem et al., 1993). Furthermore, the lack of demonstrable 0
oligomeric assembly leaves the mode of association of rhAChE with the
extracellular surface unexplained. It is thus possible that a
tissue-specific posttranslational modification of rhAChE may be effected in
developing myotomes, permitting secretion and extracellular deposition of
nascent monomeric rhAChE.

In humans, ultrastructural and physiological alterations of the
neuromuscular junction have been associated with congenital AChE and AChE
deficiencies (Wokke et al., 1989; Jermekens et al., 1992) and may be
associated with changes in the balance between these two molecules at the
synapse. In one of these syndromes, patients presented, in addition to
AChE/AChR deficits, NRJs displaying decreased miniature end plate 0
potentials, reduced postsynaptic membrane lengths, and severely impaired
postsynaptic secondary folding (Smit et al., 1988) - opposite features to
those observed in our NNJs overexpresaing AChE. It is unclear whether the
reduced expression of synaptic AChE and/or AChR represents a cause or an
effect of the ultrastructural aberrations observed in these patients. Our
current observations suggest that disturbed regulation of the ACHE gene may 5
indeed carry ultrastructural consequences for synaptic development. It
will be interesting now to assess the impact of AChE overexpression on the
expression and organization of AChR and other key synaptic proteins in
these transiently transgenic tadpoles.

F. Chromosomal mapping of the ACHE gene suggests correlation with S
tumorigenic chromosomal breaks

Mapping of the human ACHE gene to a defined chromosomal location was
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performed in three steps. The first phase of this study consisted of 0
direct PCR amplification of human A1-specific DNA fragments from somatic
cell hybrid DUAs and chromosome-sorted libraries. Reexamination by this
technique of the chromosomal location of the DCII goee, which we previously
mapped to chromosome 3q26-ter (Gnatt et al., 1990), demonstrated the
reliability and sensitivity of direct PCR amplification as compared with
blot hybridizations of somatic cell hybrid Dims. To circumvent technical 0
difficulties resulting from the high G,C content in the ACHE gene (Soreq et
al., 1990), a particularly high annealing temperature (72*C) was employed
in the PCIR procedure. This prevented the formation of nonspecific PCI
fragments, which at 65*C also occurred with hamster DNA, but displayed no
hybridization with the human AE DNA probe. Using the A£0M-specific
primers, DNA from two different cell lines and one chromosome-sorted 0
library supported PCR amplification of the ACHE fragment, as tested by blot
hybridization. The common element to these sources was that they all
contained DNA from human chromosome 7. In contrast, 17 cell lines and one
chromosome-sorted library devoid of chromosome 7 gave negative signals.
Regional mapping of the ACHE gene within chromosome no. 7 was thereafter
achieved by fluorescent in situ hybridization with biotinylated-ACHEDNA.
Double fluorescent spots were observed at the 7q22 location. Moreover, the
two cell lines were positive for chromosome 7 also carried the cystic
fibrosis transmembrane regulator gene, known to reside on chromosome
7q31.1. Altogether, this reinforced the assignment of the ACHE gene to
chromosome 7q22.

Our findings imply that a single chromosomal site harbors ACHE coding
sequences in the human genome, corroborating previous genetic predictions
(Coates & Simpson, 1972). In addition, the data presented in this report
confirm and extend our previous observations that the ACHE and BCHE genes,
which encode two closely related ChE proteins, are not genetically linked
to each other in the human genome (Gnatt et al., 1991). The similar yet 0
not identical exon-intron organization in these two human genes (Soreq &
Zakut, 1990a; Taylor, 1991) implies that they arose during evolution by
gene duplication. This is evident from the presence of both ACHE and BCHE
in early species such as Torpedo marmorata (Toutant et al., 1985), although
in insects, a single gene encodes one ChE protein with mixed ACHE/BOHE
properties (see Hall & Malcolm, 1991 for a recent example). All mammals 0
studied so far have distinct ACHE and BDCI genes, with each of the
homologous amino acid sequences within these ChEs being highly conserved
(Soreq & Zakut, 1990b). This suggests that the two Chis are both
physiologically required in mammalian species and that the gene duplication
event which led to their appearance might have occurred before the
evolution of mammals (Taylor, 1991). The different composition of 0
nucleotide sequences in the DCIE gene as compared with the ACHE gene (Soreq
et al., 1990) further indicates that these two genes are evolutionarily
relatively distant from each other, and the mapping results presented in
this paper that the ACHE and DCIE genes are located on separate chromosomes
strengthen this assumption.

The ACHE gene amplifies in leukemias (Lapidot-Lifson et al., 1989), ovarian
carcinomas (Zakut et al., 1990) and platelet disorders (Zakut et al.,1992).
The long arm of chromosome 7 tends to break in cancerous cells (Mitelaan,
1988). Further studies will be required to search for putative
correlation(s) between these events and the ACHE gene. It is interesting
to note that the A,T-rich DCII gene, which presents almost a mirror image
to the properties of the ACHE gene, is likewise subject to frequent
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amplifications and resides in the 3q26-ter chromosomal fragment, breakable 0
in thrombopoietic disorders (Pederson, 1990), a phenomenon which awaits
explanation. 4j

G. Tumorigenic expression of alternative AChmRNA transcripts
The findings presented in this report reflect a surprising complexity of
alternative splicing patterns of AdIEWMR transcripts in tumor cell lines
from heterogeneous tissue origins. Furthermore, these variable AChmNRA
species may encode 3 different AChE polypeptides, with potentially distinct
properties, one of which is unique to humans.

That the alternative transcripts found in tumor cells are the molecular
origin(s) for PI-linked AMhE is indicated from reports that K-562 cells 0
(Toutant et al., 1990) are similar to various vertebrate erythrocytes
(Roberts et al., 1991) in their production of PI-linked AChE. It should be
noted that in both the mouse and rat ACHE genes, the 14 domain includes a
termination codon (Li et al., 1991; Legay et al., 1993b). The inferred
"readthrough" enzyme in human may hence he distinguished from the ones in
rodent both in its length (583 residues) and in its capacity for P1- 0
linkage. Yet, expression of AChNRKA does not necessarily imply production
of its protein, as is indicated from the presence of AChodib (our results)
and the absence of AChE activity in 293 cells (Velan et al., 1991a).
Elicitation of antibodies specific to the alternative peptides will
therefore be required to reveal whether the inferred AChE forms are
expressed in human tumor cells and find out if they may serve as tumor- 0 O
specific markers. Peptide-specific antibodies also will reveal if the
predominant Z4,16 containing AChENRNA species in 1562 cells is translated
into an active hydrophilic protein.

Different choices of splicing options for AChEmRNA may be physiologically
important; thus, C-terminally mutated variants of the closely related human
enzyme BChE display distinct differences in their inhibitor interactions as
compared with the normal enzyme (Neville et al., 1992). This, in turn,
suggests that altered C-terminus may modify the biochemical properties of
ChEs. AChE forms with apparently modified biochemical properties were
indeed found associated with various tumor types (Zakut et al, 1988;
reviewed in Soreq et al., 1991) and in the demented brain of Alzheimer's 0
disease patients (tavaratnam et al., 1991); one wonders whether alternative
splicing could contribute to these modifications and to the distinct
properties of embryonic AChE (Soreq & Zakut, 1990b).

The question of whether ChEs play a developmental role in tumorigenesis has
been put forth by many (reviewed in Soreq et al., 1992), and say be
reevaluated in view of our present findings. Cholinesterase gene
amplifications (Soreq & Zakut, 1990b) have been correlated with a variety
of tumors including those of the nervous ((hatt et al., 1990), reproductive
(Zakut et al., 1990) and hemopoietic systems (Lapidot-Lifson et al., 1989).
However, the tumor-amplified ACHE gene tended to be incomplete (Zakut et
al., 1992) and therefore unlikely to drive effective transcription. Hence,
it is not surprising that AChEmRA levels in the tumor cells were higher,
yet within the same range as in normal developing tissues. The presence of
an 1-box motif in the recently cloned ACHE promoter (Ben Aziz-Aloya et al.,
1993) suggests an alternative route for a more limited tumorigenic
induction of ACHE, by the enhancement of transcription through c-Myc
(Blackwell et al., 1991). Intensive transcription may thus explain the
presently described alternative splicing patterns. This can occur by
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default, perhaps due to the tumorigenic lack of sufficient amounts of the 0
specific protein factor(s) controlling the coon splicing pattern of
ARhdmRA in brain. That transcription is particularly intensive in the
tumor cell lines is evident from the high levels of 1, 3(H and C
transcripts in them.

Interestingly, our findings demonstrate three alternative pathways for ACHE 0
transcripts in tumor cell lines, yet not in primary tumor tissues. This may
reflect mechanism(s) related with the mode of cell growth and which
distinguish cultured cells from the in vivo situation. It should be noted
in this respect that the ACHE promoter includes an Egr-1 motif, predicting
serum induction (Ben Aziz-Aloya et al., 1993). Absence of angiogenic
limitations under culture conditions can therefore up-regulate A(h•RRA 0
transcription. Further studies should be performed to find out if this
contributes to the alternative splicing and to reveal whether the predicted
P1-linked AChE forms induce tumorigenic processes. The growth-regulatory
role reported for AChE in murine erythroleukemic Friend cells (Paoletti et
al., 1992) and observed recently by In vivo antisense inhibition of ACHE
gene expression (Lev-Lehman et al., 1993) is in line with this latter •
prediction. In conclusion, the pattern of AChE biosynthesis at multiple
stages of the biosynthetic pathway presents an intricate model for the
complex modulation of tumor-specific gene expression. Having the necessary
molecular tools and expression systems, integrated studies of these
different levels of control in various tissues and stages of development
may now be instigated. * O

H. Antisense approach to the hematopoietic role of AChE
To pursue the potential hematopoietic role of AChE and its cell lineage
specificity, we employed in vivo antisense inhibition of ACHE gene
expression. When injected intraperitoneally, AS-ACHE was found to exert
transient effects on both the levels of its target AChEmaRA and on the 0
composition of lymphocytes, megakaryocytes (MKs), myeloid and erythroid
cells within the bone marrow. This attributes a hematopoietic role to
AChE, the production of which was prevented by this treatment. The
hematopoietic system is an appropriate target for such AS-oligo paradigms
because of its extreme sensitivity to external stimuli and due to the high
turnover of cells, differentiating from proliferating stem cells (Handin, 0
1991). Both stem and committed and/or differentiated cells could serve as
targets for the AS-ACHE effects, which should principally be limited to the
life span of the affected cells. Indeed, the AS-ACHE oligo induced
drastic, hematopoietic changes at 12 days, yet hematopoietic balance was
apparently restored at 20 days after treatment, when most of the bone
marrow cells in the treated mice could be assumed to have developed after 0
the single-dose treatment.

Quantitative RKA-PCR, differential cell counts and in situ hybridization
were employed to demonstrate the selective degradation and restoration of
AChEmRNA and its correlation with hematopoiesis under AS-ACHE treatment in
vivo. The RNA-PCR analysis demonstrated an apparently total abolishment of 0
ACh~aRNA at 12 days after treatment, when lymphocyte and erythroid
fractions were drastically reduced in the bone marrow of treated mice.
This implicates AChE in the development of both lymphocytes and
erythrocytes, two cell lineages expressing this enzyme (see Soreq & Zakut,
1993 for a recent review). Because of their small numbers and longevity,
it was difficult to evaluate differences in the MKs fraction at day 12. 0
However, the secondary decrease in actin &RM in the bone marrow, where NKs
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are replete with this mRNA species (Rentrop et al., 1986), was taken as an •
indication for decrease in =I as well. Since MR and erythroid cells are
considered to share a comon progenitor (Martin et al., 1990; Romeo et al.,
1990), our findings further suggest that these progenitors are sensitive to
the AS-ACHR effects.

The mechanism through which AChE controls proliferation and/or
differentiation of hematopoietic cells is still unknown. In principle, it
could either involve cholinergic signaling or relate to the putative cell-
adhesion properties of AChE, which resembles Diveophila neurotactin in its
primary sequence and includes the LRB element for binding laminin (Soreq &
Zakut, 1993). Lymph nodes were selected as an additional tissue for the
RNA-PCR experiments because lymph node epithelium expresses ACh (Karnovsky
& Roots, 1964) and is subject to continuous replacement, similarly to bone
marrow cells. The drastic decrease in lymph node ACh~mREA levels 12 days
after treatment demonstrated efficient tissue distribution of the
administrated AS-ACHE oligo and the more limited secondary decrease in
lymph node actin mRNA could either reflect general toxicity of this
treatment or implicate AChE in epithelial development as well.

The in situ hybridization approach provided cell type and developmental
correlations for the AS-ACHE effects, with particular reference to the
megakaryocytopoietic process. Both ACHE- and BuChEEaRAs were found to be
efficiently expressed in MI, more than in other hematopoietic cell types.
In the case of actin mRMA, also shown to be efficiently expressed in MR 0
(Courtney et al., 1991), the megakaryocytopoietic increase was taken as an
indication for actin involvement in MR development and functioning (there).
In contrast, fibronectin aRNA, presumably required solely for MR
development, was shown to decrease during megakaryocytopoiesis (Courtney et
al., 1991). Our findings therefore suggest that both ACHE and BCHE may be
needed for MR development and that ACHE, more than BCHE, may further be S
involved in MR maturation and functioning. This, in turn, foreshadows the
use of in situ hybridization with CHEcRNA probes for analyzing the
molecular mechanisms leading to defects in MR development.

Within mature MK, the variations in labeling intensities with ['IS]-
AChEcRNA probably reflect a transcription rate which exceeds the rate of 0
nucleolytic degradation for ACZbEmR, leading to its accumulation. This is
compatible with the long life span of several days for mature MR (Handin,
1991), and the half-life of approximately 10 hr for mammalian AChEmRMA
(Soreq et al., 1984). That mature MR continue to produce AChEMRNA
throughout their life span further implicates ACHE in MR functioning and/or
platelet production and indicates that AS-ACHE treatment may modify these
properties in vivo.

Subclassification of MR sizes at 12 days after AS-ACHE treatment would not
be informative due to the longevity of MR, part of which would still
represent cells from the pretreatment period. The concomitant increase in
both pro- and mature MR at 20 days after treatment may reflect enhancement 0
in both development and maturation of these cells, at the time when
AChEERNA levels were almost completely restored. This apparent induction
of promegakaryocytopoiesis could be a feedback response to earlier
reduction in MK development, reflected in the drastic suppression of actin
and AChEARNA levels in the bone marrow at 12 days. This corroborates
previous observations of platelet increases following ACHE inhibition at 0
the protein level (Burstein et al., 1980; Burstein & Harker, 1983), and
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attributes the defective platelet production in patients with various blood 0

cell disorders to the amplification and mutability observed in their ACHE
genes (Lapidot-Lifsen et al., 1989; Zakut et al., 1992). The increased
risk for farmers exposed to A -inhibitory insecticides to develop
leukemias (Brown et al., 1990) is also in line with these observations.
Parallel experiments in erythropoietic cell cultures may directly reveal
whether AS-AOCE affects stem cell proliferation, distinguish between its 0

effects and those of AS-DOll (Patinkin et al., 1990; Lapidot-Lifson et al.,
1992), and determine the mechanima(s) by which AS-l exert their effects
on distinct hematopoietic cell lineages.

I. Structure-function relationship studies in hOils
Structure-function relationship studies were performed on a set of natural 0

ChE variants and site-directed mutants, the aim being to delineate
important domains contributing to the biochemical properties of these
enzymes and determining their sensitivity to different anti-ChE drugs.

Previous biochemical studies have indicated that the binding center in Ch~s
contains several functionally important subsites (Quinn, 1987). Our 0
studies with the recombinant natural variants of human BCHlEs imply that
intramolecular structural relationships exist between C- and N-terminal
domains in ChEs and contribute to binding of substrates and inhibitors to
these subsites. Composite interactions between the three cysteine loops in
ChEs are indicated from the binding site properties of the natural BuChE
variants, and anionic as well as hydrophobic interactions apparently 0 O
participate in binding of substrates and inhibitors, with varying
interplays for different ligands. This, in turn, creates a selection
advantage for several double BuChE mutanta over the single Gly70 variant,
in that these double mutants possess high catalytic activities combined
with resistance to various natural inhibitors.

0
Use of the site-directed BuChE mutants demonstrated that more than a single
electronegative domain contributes to binding different substrates and
inhibitors, and that certain domains are principal for binding specific
inhibitors.

1. Resistance to charqed ligands in in ovo produced hBuChE 0
The findings presented in this report directly demonstrate the involvement
of Asp70 in electrostatic interactions of hBuChE, through the use of the
Xenopus (Arpagaus et al., 1990) oocyte expression system (Soreq & Seidman,
1992). In addition, these observations indicate that other regions in the
catalytic subunit may contribute significantly to part of the
characteristic "atypical" properties of the enzyme in individuals carrying •
the Gly70 substitution, with certain physiologically important
consequences.

BuChE is generally assumed to act as a scavenger, removing compounds that
are toxic to ACh-binding proteins from the circulation (Whittaker, 1986).
Biochemical, genetic and molecular biological approaches have gradually 0
revealed that the BCHE gene appears in several differently mutagenized
allelic variants (La Du, 1989; Gnatt et al., 1991; Zakut et al., 1991;
Whittaker, 1986). Therefore, naturally occurring toxic compounds that
normally interact with ChEs have been sought whose binding to mutated
BuChEs is reduced. Assuming that BuChE activity is essential for certain
vital processes, either directly or as a replacement for inhibited AChE,
such mutations may provide the individuals carrying them with a selection
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advantage. This would explain both the abundance of BuChZ alleles and 0
their characteristic frequencies in different populations, which may be
subject to toxic compounds (Whittaker, 1986).

The steroidal alkaloid solanidin apparently interacts selectively with
mamalian BuChZ (Harris & Whittaker, 1962) but not AChE (Roddick, 1989) and
inhibits its catalytic activity. This aglycone, as well as its parent 0
glycoalkaloid compound, solanine, are naturally present in all members of
the Solanua plant family, including Solanin tuberosa (potatoes), and are
likely to be present in extremely high and toxic concentrations in blighted
potatoes. In addition to these recorded acute toxicities, solasodine was
also found to be teratogenic in maimals (Feeler, et al., 1976). Therefore,
the reduced ability of "atypical" BuChm to bind the Solanum poisons can •
clearly have a survival advantage, particularly in heterozygotes to this
mutation where scavenging and catalytic activities may be retained under
intoxication. Our findings indicate that the single substitution of
Asp70Gly by itself is sufficient to provide individuals with such advantage
by modification of BuChi subsite(s).

The apparently crucial role of Asp70 within BuChE in binding charged
ligands was further probed by reactivation experiments with the oxime
2-PAM, previously shown to reverse OP intoxication of the esteratic site
serine in Chis (Edery & Schatzberg-Porath, 1958) by an action specifically
mediated by electrostatic binding (Barnett & Rosenbery, 1977). Replacement
of Asp70 by glycine completely prevented this reactivation, regardless of 0 0
the additional substitution Ser425Pro. Asp70 is, therefore, an essential
and sufficient requirement to the interaction of solanidine and 2-PAl with
the charged subsite in hBuChi.

Nolecular genetics approach has demonstrated that the N-terminal Gly70
mutation is frequently linked with additional substitutions, altering 0
single amino acid residues in the C-terminal part of the BuChE molecule
(Arapagus et al., 1990). The Ser425Pro mutation which co-appeared with
Gly70 in glioblastoma and neuroblastoma tumors (Gnatt et al., 1990)
demonstrates yet another case of such linkage. According to our line of
thought, the combination of two amino acid substitutions should provide the
enzyme with yet higher resistance, at least toward some charged ligands, to 0
create the selection advantage leading to the observed genetic linkage.
The apparent synergistic resistance of the double Gly70/Pro425 mutant to
inhibition by SuccCh and dibucaine demonstrates that this may be true.

Full log dose-response inhibition curves with dibucaine, and, more
important, SuccCh, to calculate IC50 values provided a complete 0
characterization of the differences caused by each of the mutations alone
and by both of them together. Such inhibition studies were performed for
two different reasons. First, phenotyping "atypical" individuals on the
basis of dibucaine numbers (Kalow & Genest, 1957) required the use of
different and specific assay conditions. Second, it allowed us to overcome
anomalies in which BuChE may be observed as "normal" from its apparent S
interaction with dibucaine, yet behaves in a completely contrasting manner
with SuccCh and fails to bind the muscle relaxant. Such surprising
patterns of inhibition have been observed following the phenotyping of a
number of different human serum BuChE samples from individuals displaying
clinical SuccCh sensitivity (Agarwal et al., 1976). The double
Gly70/Pro425 mutant appeared in our experiments to be far more resistant to •
both dibucaine and SuccCh than the single Gly70 mutant, whereas the Pro425
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substitution alone was ineffective with both ligands. it is possible that 0
such diffrenc hav so far I ovelooked by the standard clinical
protocol, employing single point reference numbers as indications for
dibucaine or SuccCh resistance (see NcGuire et al., 1989 for an examle)
Furt- ir experiments will be required to determine the abundance of the
double Gly0/lPro425 substitution and whether other C-terminal modifications
linked to the Gly70 substitution are similarly effective with anionic site 0
ligands. Also, other naturally occurring inhibitors should be pursued
(see, for example, Abramson et al., 1989) which my explain the biological
background to these mutations.

To resume the above predicted evolutionary selection pressure, Budii should
have a developmentally essential role either in germ cells or early in 0
embryogenesis. The intensive expression of the BudhE gene in developing
human tissues (Drews, 1975) and oocytes (Malinger et al., 1989; Soreq et
al., 1987a) and the transiently elevated levels of BuChE in embryonic human
brain (-akut et al., 1985) are indications that BuChE night have a
developmental role. The observation that a synthetic phosphorothioate
"antisense" oligonucleotide -3anning the initiator AUG sequence in 0
hBuCh~mRKA inhibits bone max ow cell development in culture (Patinkin et
al., 1990) directly proves an essential role for BuChE in hematopoiesis,
whereas the apparently _nheritable germline amplification of the BCHE gene
in two generations from a family of farmers exposed to the agricultural
anti-ChE insecticide Parathion (Prody et al., 1989), points toward a
function in germ cells. Altogether, it therefore appears that BuChE 0 S
activity is indeed developmentally essential, which creates evolutionary
pressure for genetic modifications in the BCHE gene under conditions where
its protein product is blocked by inhibition.

The general nature of these considerations is clearly indicated by the
large number of identically aligned amino acid residues in the peptide
regions harboring Asp70 and Ser425 throughout the entire family of ChEs
(Soreq & Prody, 1989). In particular, the highly conserved
Glutamate-Isoleucine-Glutamate (EI) domain upstream from Ser425 should be
noted. This electronegative domain may be of crucial importance in the
presumed binding of certain charged non-sulfur-containing choline
substrates by Gly70-containing BuChE muteins (Neville et al., 1990a,b). 0
The importance of such domains in ChEs which serve to bind positively
charged choline substrates should be further examined either by pursuing
additional and yet unknown variants in the CHE genes from humans or other
species, or by employing site-directed mutagenesis in conjunction with the
efficient Xenopus oocyte microinjection assay to examine substitutions in
predefined peptide domains. 0

2. Oocyte expression of site-directed and natural variants of BuChE
A major aim in this study was to investigate intramolecular interactions in
ChEs by analyzing the effects of naturally occurring and site-directed
mutations within hBuChE. The tolerance of the BCHE gene to phenotypically
apparent mutations altering various amino acid residues throughout the
BuChE polypeptide, an important asset in these experiments, may reflect
certain evolutionary advantages exerted by these variably combined
mutations. Thus, both resistance to solanine- or quinoline-derived natural
poisons (Whittaker, 1986) and the restoration, demonstrated herein of
hydrolytic activities in inhibitor-resistant double and triple mutants
could enable DCII expression at levels sufficient for survival under 0
exposure to such poisons. Similarly, the high mutability rate in the human
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albumin gone, with recurrent variants that have arisen independently in
diverse populations (Brennan et al, 1990), was recently correlated with
variable affinities to drugs (Kragh-Hansen et al., 1990). Thus, the
evolution of drug-resistant mutants may be comaon to various plasma
proteins.

The Asp7OGly substitution reduced the hydrolytic activity of Buh~E in an
apparently dominant manner, unaffected by the additional Pro425 or Tyr561
mutations, which by themselves exerted only limited effects on substrate
hydrolysis. However, the presence of His114 in conjunction with Gly70
totally restored the hydrolytic activity of Gly70 BuChS. This observation
clearly demonstrates an interactive and opposing effect between these two
mutations. The complete restorative effect of His114 on Gly70 BuChE
substrate hydrolysis may be related to the structural alpha-helix-forming
ability of this aromatic residue in a potentially alpha-helix-forming
sequence in analogy with His18 in barnase (Sali et al, 1988), or in a
manner parallel to the stabilizing effects of additional alanine residues
within an alpha-helix of T4 lysozyme (Zhang et al., 1991). The failure to
affect BTCh hydrolysis of the presumed alpha-helical breaking ability of a
Pro mutation (Piela et al., 1987) which resides only 16 amino acid residues
upstream from the electronegative Glu441, I1e442, Glu443 sequence suggests
that the dramatic depressant effects of the site-directed Gly441/Gln443
mutations on BTCh hydrolysis do not reflect steric changes but an effect
related to loss in charge. It is likely that the presence of Gly441/Gln443 • *
drastically modifies the crucial electronegative environment at this region
which harbors the basic and highly conserved His438 residue implicated in
the ChE catalytic triad (Gibney et al., 1990), thus lessening the
hydrolytic capability of the triad mechanism. In addition, the possibility
that the negatively charged Glu441 and Glu443 residues are directly
involved in the catalytic process per se cannot be excluded, since parallel
domains in lipases (Sussman et al., 1992) are known to attract water
molecules.

All BuChE variants interacted normally with BzCh and PrCh (the latter in
His114-deficient Gly70-containing BuChE mutants), in accord with previous
findings (Neville et al., 1990a). Thus Asp70, which exerts a crucial role
in binding of SuccCh and reactivation by 2-aldoxime methiodide (2-PAR) of
DFP-intoxicated BuChEs (Neville et al., 1990a), is not required for BzCh
and PrCh binding. If binding of quaternary-charged choline estprs is
mediated via charge interactions (Rosenberry, 1975; Quinn, 1987),
electronegative domains other than those harboring the highly conserved
Asp70 would be implicated in such electrostatic interactions in agreement
with the notion of multiple negative charges at the ChE active site (Nolte
et al., 1980). Alternatively, these observations require assessment of the
importance of charged anionic site interactions in ChEs, as opposed to a
hydrophobic binding site. Indeed, the observations of effective binding of
both uncharged ACh analogues/inhibitors (Hasan et al., 1980,1981; Cohen et
al., 1982) and hydrophobic compounds (Naveh et al., 1981) to AChE have
indicated the likely location of hydrophobic domains contiguous with its
active center (Quinn, 1987). The influence of such hydrophobic
interactions in BuChE may explain the minimal, 10-fold increase in BzCh
binding to all BuChE enzymes in comparison with other choline esters.
Furthezmore, the selective labeling of the cationic, irreversible
alkylating agent NN-dimethyl-2-phenyl-aziridinium (DPA) tTrp84 in Torpedo
AChE (Weise et al., 1990) also indicates the likely role of aromatic
residues in constituting the ChE binding domain, supporting previous
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biophysical (Shinitzky et al., 1973; Berman et al., 1985) and biochemical @
(Najumdar & Dalasubramanian, 1984; Page & Wilson, 1985) studies. In
addition, x-ray crystallography data for humau lipase, also functioning by 4.
a catalytic triad, reveals tryptophan and tyrosine residues in close
apposition to the nucleophilic active center serine (Brady et al., 1990;
Winkler et al., 1990). Hence, hydrophobic domains may be important
contributors to the catalytic center in Chas, with long-range electrostatic 0
interactions playing an important role in binding specific positively
charged substrates, as, for example in subtilisin (Russel et al., 1987;
Russel & Fersht, 1987). This latter assumption was proven correct by
recent high-resolution x-ray crystallography studies (Sussman et al.,
1991).

The marked changes in binding of SuccCh and ACh to Gly70 BuChE variants
suggest that negative-charge interactions play a major role in binding
these esters. However, these binding reactions also depend upon the over-
all tertiary structure of the polypeptide chain, as indicated by the
modulatory effects of additional His114, Pro425 and Tyr561 mutations on the
Gly70-induced disruption of SuccCh binding. Thus, the Gly70 mutation S
affects a region that closely interacts with the His114 region and, more
important, with the C-terminal domains harboring Pro425 and Tyr561. This,
in turn, strengthens previous suggestions (Neville et al., 1990b; Prody et
al., 1989) that the genetic linkage between Gly70 and various C-terminal
mutations in BuChE provides an evolutionary advantage related to drug
resistance. In contrast to SuccCh, dibucaine interactions appear to be 0 S
principally dependent upon a charged C-terminal domain in BCHE. That the
C-terminal region interacts with the N-terminal domain in creating
active-site volume is implied from the disrupted dibucaine binding in the
double Gly70/Pro425 variant and the triple Gly70/His114/Pro425 variant.

The steroidal alkaloid solanidine and its parent glycoalkaloids (Harris & 0
Whittaker, 1962; Roddick, 1989) were employed to further investigate
structural restrictions on charge interactions in ChEs. While usual BuChE
effectively interacted with the triose-containing glycoalkaloids
alpha-solanine and alpha-chaconine, as well as with their active BuChE-
inhibiting moiety solanidine, Gly70 BuChE variants all failed to interact
with solanidine, yet bound to some extent with alpha-solanine and 0
effectively to the rhamnose-enriched alpha-chaconine. Since no major
change in charge is involved, these graded inhibition patterns suggest that
Asp70 asserts a primary binding capability, yet the hydrophobic and
structural elements of the sugar moieties stabilize this binding.
Furthermore, it is likely that the presence of sugar residues repositions
electrostatic components required for active-site binding of these 0
alkaloids. Altogether, these observations as well as the substrate binding
data raise the intriguing possibility that the relative flexibility of
ligand recognition by BCHE reflects a restricted set of configurations
involving interactions between peptides in various domains throughout the
molecule, as well as an interplay between electrostatic and hydrophobic
interactions. 0

Mutation-related alterations in ICso values for carbamate and OP inhibitors
provided further insights into the active center domain in Chis. Gly70
appeared to interrupt binding of the BuChE-specific OP iso-OMPA and the
carbamate prodrug bambuterol, as its substitution for Asp70 dramatically
increased the apparent IC50 values for these two inhibitors. However, 0
binding to both iso-ONPA and bambuterol was far tighter with all other
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Gly70 variants, suggesting that this interaction also involves other 0
domains in the protein. That Asp7O is particularly important for binding
DuMB-specific inhibitors is implied from the relatively limited
differences asserted by Gly7O on binding the nonspecific ChZ inhibitors
ecothiophate and physostigmine. However, in these cases as well,
interference with binding was restored by additional mutations. This, in
turn, could reflect the exposure of, and interaction with, alternative 0
residues which could be either hydrophobic or negatively charged. Exchange
of the Asp7O domain in Bu(hE by its parallel counterpart loop from AdhZ
should be useful for testing these options.

The BuChE polypeptide in man includes three loops (A,B and C) governed by
cysteine-cysteine bonds. Taking into consideration the synergistic 0
interactions between loop A constituents (i.e., Asp70) and loop C
constituents (such as Pro425), and in view of the apparently important
structural role of the Glu441-Glu443 region, we distinguish between the C1
(Cys400 to Met437) and C2 (His438 to Cys520) peptide sequences. Assuming a
stem structure for the peptide domain which starts with the key His438
residue and ends with Glu443, a two-dimensional structure emerges which 0
complies with these distinctions. This model represents a modification of
previous two-dimensional ChE models (MacPhee-Quigley et al., 1986;
Lockridge, 1984) in that it displays intricate interweaving of
BuChE-specific and ChE-common peptides throughout the molecule,
demonstrates the positions of the studied mutations and other available
ones in BuChE, and exposes new candidate residues for key functions in the * S
catalytic hydrolysis of choline esters. Hence, the highly conserved amino
acid sequence 318-341, adjacent in this structure to Ser200 and His438,
contributes to the charged Glu327 residue involved in the catalytic triad
(Sussman et al., 1991). In addition, multiple hydrophobic residues (His77;
Trp82, 414, 430, 469 and Tyr147, 258) emerge in close proximities to loop
foldings, which could reflect their participation in forming part of the 0
active site groove as in human lipase (Brady et al., 1990; Winkler et al.,
1990). Further insights into the secondary and tertiary structures of ChEs
will arise from combined interpretations of high-resolution x-ray
diffraction patterns with expression data of site-directed and chimeric
BuChE/AChE constructs from various species and further natural variants of
BuChE and possibly AChE. 0

3. hBuChE as a potential decoy for OP poisons
The goal is the development of a molecular decoy, an agent that will react
with OP agents and remove or inactivate them before irreparable harm can be
done to AChE. Our approach has been to begin with a natural human protein,
BuChE, and to make variants of it by improving its useful features. 0
Reasons for choosing to base our work on BuChE are:
a. It already serves this function.
b. As a serum enzyme, it is well-placed to protect the CNS as well as

vital organs by intercepting OP agents before they can reach their
target at synapses and NMJs.

c. Very different natural levels of this enzyme are tolerated in man. 0
The enzyme is present in serum in rather large quantities and is very
active; thus the actual levels of the enzyme are not critical to
health.

d. As a natural protein, BuChE is nonimmunogenic. We expect, further,
that as changes to be introduced into it will be inside the active
site gorge, and not on the surface, the variants, too, will be non- S
immunogenic.
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The basic techniques of site-directed mutagenesis are well-established, but
in order to develop an effective decoy, several conditions must be met:
a. The g gene must be isolated, cloned and sequenced. 4
b. The three-dimensional model of the protein must be known so that

residues can be intelligently selected for testing for essentiality
for catalysis, contribution to substrate and inhibitior binding, and
just as important, for nonessentiality.

c. There must be appropriate expression and assay systems available.
Expression must be at a sufficient level for the sensitivity of the
assay system.

The gene has been isolated, cloned and sequenced. A model derived from the
x-ray crystallography model of Torpedo ACh is available, and we have 0
expended considerable effort in developing the Xenopus oocyte for
expression, and the 96-well microtiter assay system, especially coupled
with immunosorption of the enzyme to the wells, as an assay system.

Criteria for the decoy must be developed so that success may be evaluated:
a. Compared to natural BuChE, the successful decoy will bind a wide

range of OP agents more tightly and will react faster with them to
f(rm the phosphoryl-variant enzyme.

b. Ideally, the phosphoryl-enzyme will be reactivatable with 2-
pyridinyloxime methiodide (2-PAM) or other reactivator in order, by
recycling, to increase its effectiveness as a decoy.

c. It will be nonimmunogenic and will not be cleared from the 0
circulatory system unusually fast.

0

0

0

0

0
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V. CONCLUSION

The search for a readily available defense against the recently attempted
threat of chemical weapons impresses us with its urgency. The
vulnerability of vital nervous functions, via ChE inhibition, is clearly
apparent. The population-specific distribution of even more OP-vulnerable
individuals, which we have described, emphsizes the geopolitical S
implications of the problem. Several approaches to this problem have grown
out of our exploitation of recent developments in molecular biology.

First, our cloning of the human ACHE gene, followed by scaled-up production
of recombinant hAChi in suitable hosts, offers the potential for a
prophylactic treatment of ChE inhibition, based on the introduction into an 0
affected individual of quantities of a ChE as biological scavenger. A more
elegant approach might be to construct biologically compatible ChE mutants
with an increased OP affinity, as compared to the native enzyme, or with a
capacity to hydrolyze OPs. Our initial site-directed mutagenesis studies
have provided the groundwork for a second round of studies that now can be
more precisely directed at areas of interest in the ChE molecule. 0

Second, given an understanding of the mechanisms involved in regulating ChE
biosynthesis in vivo, one might be able to devise triggers for the
controlled stimulation of AChE synthesis either in crisis situations or as
a precaution in a threatening environment. Our studies on alternative
splicing and tissue targeting of the several forms of AChE also offer the * 0
possibility of another level of control over the placement of prophylactic
quantities of AChE within the body of an OP-vulnerable individual.

A thorough understanding of the mechanisms involved in ligand binding may
subsequently offer a third advancement in this principle: introduction of
a synthetic peptide capable of scavenging circulating ChE inhibitors. The 0
advantages of a small peptide are, of course, increased concentrations of
the active agent, economic considerations, and perhaps delivery of the
substance and a minimization of antigenic stimulation.

In light of the accumulating evidence for the multileveled regulation of
AChE production in various tissues, it is now possible for the first time 0
to study its control in sufficient detail to understand its responses to
lethal and sublethal OP poisoning. In terms of the implications for human
ecology, both the prevalent use of agricultural OP insecticides and the
threat of long-term environmental damage might be associated with "fallout"
from the overuse of OP poisons. Therefore, these aspects of AChE
regulation, its properties and its role(s) now need more attention than 0
ever.
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Figure 1. H1mmn AU vol•r•-tmm: Quarternary structure of the major
oligomaric form

"0 ~A forms

soluble
G4

glycolipid-anchored amphiphilic Gi hydrophobic-
Gz (type I) and G2 (type II) tailed G4 collagen tail
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0
Quarternary structure of the major oligomeric forms of ChE's in

vertebrates. The globular (G) forms as well as the asymmetric (A) form
are included: Glycolipid-anchored dimers, in erythrocytes, soluble G4
expressed in brain and muscle and the hydrophobic tailed G4 (brain
form) contains 20kd subunit. In the asymmetric, hydrophilic form A12,
three catalytic tetramers are disulfide-bonded to a collagenic triple
helical tail (Drawing after Massoulie et al., 1993).
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Figure 2: Construction and characterization of the ACME coding sequece

A. ACHEcDNA clones attenuated at the 5'
FEW ___- region, and the construction of a
B(,SA •-complete ACHE coding sequence.

F&A.2 z- Top: Several selected representative cDNA
%mB;3 _-- clones isolated by screening cDNA
A;4 -- libraries from different human tissue

A. •--origins and/or stages of development with
0 03 1. ,.5 2.0 .1. labeled ACHEcDNA (Lapidot-Lifson et al.,

Lak,. Kb 1989) are schemmatically presented.
- - Libraries screened included: FEB - Fetal

"Brain, NBG - Neonatal Basal Ganglia, FEL
- -- - Fetal Liver, ABG - Adult Basal Ganglia

(see Methods). The isolated clones (FEB8;
NBG1, 3. and 8A; FEL2B; ABG4, and 2.4)

AM" Sph P.u Ad StuI Sc display variable 3'-termini and all are
....... .... '. u ",truncated within a narrow attenuating

T ASCT PA
-EMACHIL region (Attn.) at the 5' end of the

Atn. ABGA(CHE coding sequence.
(NACHE
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0043 AGAC0CI CCAC1GV33CACGC C0 C0OGAC CAVGTACOTTACTC33CVC3CC
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18 1 SC33CCCASCCCCCCACCGGG CGVCOCCC "GGVCCG CCTCVCAGC

methionine ~ ~~ exece y analogyGwith ACQ:cDNA ro aorpd (ShCaLe 5tal,196

* 00 VaGCV CTC~rCGCCCC3OGCVCC CVCOGVAAAVAAC33TACAGc
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19.7Primadrylstructre ofuthtie nuclotid sequence (amnd itcinferesduAes product.d the

2.2-ob ncomposithe nleotideratise e neofuclnces (AnoaCGACiEdFEAH anduGNACHE and its

encoded amio matcid sexuecel are paresened. ceotidepesaen nhumbere (left-Bhand Aside

underline Thesingle lettermcodeseforthve predinactd aminoeacid are sathow elowithea

setioninenexpectede bysmatcnaogyhewithe ACHE-sNefrom Topedob (chTACHE(er Methads, 1986

Mwuiet etasexp1990) and Cound to fr omplmanl (rdyferet aro, 1987 paralelra eptide n
1987). Underlied ar7uaiesgnlsqec amino acid residues 5-25)deand the K`5 rmr(eius1'-6)
Treginencodaing stheesteorapticnstea sequenced (aminosyacidn reidesd23t-240) the latter

undrln edaaThiste, C-terminal sel etiese12 aino i acidiseqencepwic matche aed withla

encircled. Cys residues are also circled, as are the first methionine residue, the

esteratic site serine and the first and last amino acid residues in the mature protein
based on analogies with other ACHES. Dashed underlines and arrows note putative splice
signals identified in the coding sequence (nucleotides No. 139, upstream from the
intiator AUG codon, and 1227, 1713 and 1882 in the coding region).
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Figure 3: Ibpthetical secondary structure of £011 mREA and/or DMA

Stable RNA/DNA structures in the ACHE
coding sequence were searched for using
the FOLD program (Devereux et al., 1984)
of the University of Wisconsin Sequence

370 Analysis software package (UWGCG), which
L 3oo allows for G-C, A-T and the irregular G-U

pairing. The segment presented
(nucleotides 200-500 in the composite
sequence initiating with residue 200 in

270 Fig. 2) is the most stable structure for
N% 0 this sequence and was found to have free

energy of -117.0 kcal/mole.

- 0
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Figure 4: Th. ACHN upstream region; sequene and consensus motifs

I I I I I AUG
IOLUO l IJ 2

,4..-

4 - -

Sequencing strategy of the ACHE upstream region DNA sequencing was performed by the
dideoxy chain-termination technique using the commercial universal or reverse-
universal primer (Stratagene) (indicated by black box at the beginning of the arrow)
or with unique 17-mer primers determined by sequencing (indicated by arrow). An AccI
(A) fragment including most of the 5' region was subcloned into phage M13 and was used
for single strand sequencing. Fragments digested with XhoI (X) and KpnI (K) were
subcloned into the pGEM plasmid and used for double stranded sequencing.
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Figure 5: Recobinant screning and isolation of CH cosid clones

0

1 2 3a

__ V

B2.uChE:DNA IU I MAA* 0

AMP PC Cl C2 -C3 414mlgA

Aa •

eDNA DNA eDNA

IPGosChEDA

A: A 190 bp fragment form the 5'-domain of DCHEcDNA (74), was inserted into theA illin (Ap) resistat vector puc 118 (PCHE) and e

transfected into the rec E. coli strain DHB3169, which perits natural recobination.
PCHE-carrying bacteria were in turn infected by the genomic kanamycin resistant cosmid
phage library and recomination between PCHE and CHE cosmid clones (COSCHE) took
place. Dual antibiontic resistant recombinant clones (PCOSCHE) were purified for
analysis. B: One microgram of DNA from four such clones (PcosCHEDNA clones CI-C4) and
60 ng of either BCHE or ACHEcDNA were blotted onto nitrocellulose filters with herring 5
DNA used as a negative control. Probes employ's were labeled with [3 7p] as detailed
under Methods. Note that all cosmid clone DNAs hybridized with BCHECDNA but not with
ACHECDNA.
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Figure 5b: 5'- sutream sequence.

Data analysis (N-sites
PLo6 program. University of

OACTOA9E62194T ic MOM= ~ tC21v ?CCVCMG&G Wisconsin) revealed.0. 120WrrM WACWjj;M C& ZPotential bnigsites7q~c~w~2"c2 C~cc~?~~CC ~G0.C is* for several transcription
C~cCAGc AcG1TG GTOTO~ f ac tars, inci1 ding MyoD

ACCCTX CTQWTA CACAMC~a~gAG(nucleotides ý, , 91. 129, 0
300 22 6, 2 34,. 348, 1332 &

GTCCGTCCVGT CG25AAAGT CG?CCClqcG T?!GC?G?G CCiGiCACG CA?GASGWcG
360 2130, boxed) , Spl (515.ICWT MGCMTCCWC CGCM GCGý 521, 534, 540, 544, 699,420

ACCGCCC TCAGClr TGGTCCQTCTGIACT GCCTGCGT805, 994, 1246, 1358, 1481
440 &, 17 62 , c ircled) , andCT=C AGXM OQM CCW TCGWCCCA GGGAG~rA" additional sites0

CAGAMWA IOGCA= 4(underlined): ATF/CREB
6Z;5-. GQGCG~rAGKK~CC~.AC E40(67), E-box (89), Zeste

oaccooao G0G~GG~c GO~~ (213 and 855), AP2 (443
AGGCWTCWAWTCOCOCCCAMCO and 1444), GAGA (477),720 EGR-1 (517. 536. 546),

c~ccc o c~ooccce ~7iac NFICB (705, 1372), CCAAT
~ GGCACVJG ~C+C4cAMa CCC A OGGACOOMT box (990 and 1666) and the840 TATA box (1176). Arrowns

3CCT= 17900indicate Potential sitescccaccCCGCC OCO 6 for splicing at the 5'
ccx~c= c=?iccoooaxccer.w =9ccc0 acceptor site (0/GT). The

cOT CC cOGG C o c & ccocooooac ccccoCcCc AC ~C CQAG ! 0C~ 20 c o n s e n s u s s p l i c i n g s m o t i f

" " Mc0C1=+`0=9 (CAG/A) required at the
CGCOCO COOC= C&C=A OM CM oCCACGW=~CM 3' -boundaries of in trans

1140 is noted by an arrowhead.CCMOAAOg CCCCCyCCQA OCCC.ooaC occ=cTCCCc OCW4DAC CACCA2T One o f several putative
1200

rrrrCG"A oOGaGOcI GCG.O CG~rn&A TTGGCC CG CAP sites is noted by a
1260 sign. P1/ -polylinker,

1320 including a SadI site.
GGACOCOGG AGAGGGGGGA arrCCAh= earoppT1 GA TGGTro- r-r"r According to our results

COAAMA13ý CCCC-I14 GCCC:J ý 1380 the sequence domains
1440 between nucleotides 16-gQoaaiCCCG OGKUAACC COWCCM WCMCGOCT cOcrrAG coccoAW.CC~CTGA 610, 611 -684 and 685-2226

GCCGR9FCCCCCC Arrcccc CCGG= -=>XG CCGCCTrepresent the promoter1560 region, exon I and intron2M7GM2CC ?,CTGCCCTC COCCGGCOGC GMAPCO=C GCrICWAGA "TGO~J0GWC epciey hs h
1620repcieyThsteTCCAI QQCW W47= OCG~Tr=TGC C CTO4 3j'-end of the 5' -upstream

GCOCGMA QGGAC= cOGM1660S sequence starts atGCOAGCQA GGA~ecG GOOASMý-20 CAG~A=j ATGAG4AOGM
1740 nucleotide no. 2088,GCAGooGTM OGOOGGGGA"M- oacmoocaG o~oACCo hC Tca CU=-rT=i~c equivalent to the 5'

XACX ==G= 4jjýAQQý ="=A 800region of the sequence
1660 presented in Fig. 2B.COAGCTG=G C1?CAGQc= CCGCAAGC? CCCCCAGcO CGCTGC~C0 CCQGAGWc

_________1920

GCGcCCCT OTGC M r-- GTGGAC GAGGCTTC? TcCCACTCA GCACGAGcI

1980GCccCGGcc AoTTCCOGAA GAGGTGAoo CAO~GTccc CGCGG~ACA, GAGAGOOTOC

TCCTCTC'fGT 
2
VCCTOCATT TGTCTOGATA ?OGOTG?= CUcGATC?C1 204oCcC

2100
ATCTTTGCC ACCTGcCCCCA CC'TCCCTfZF4G=G Tx%=CT* CC7GAC2160

2220CCCTAATCTC CTCCCTCCTC OCTTCTCGC cGA=CcTTCA CCCTrTcCC? TcTCTTCTCc
22500
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Figure 6 Blot hybridization of htman coaid CHiiMKs.

32
P-CHE

" * •.31

d e -1.3

ee _• • dk m •"23

3KSH8 8UH K3KSHBBBHKK

H KSS H HKSSS

Coam;d I Cosmid 2

.37

s • • 1.3

IW 2.3
SKSHRSBHK KBKSHBSBHKK K

NKSSSH HKSSSH

Cos Md 3 Co-m- d 4

)NA from cosmid clones was digested to completion by one or more of the restriction
mzymes Sacd (S), HincII (H), BamHI (B) and KpnI (K) and electrophoresed in a 0.8% TBE
igarose gel (TBE = Tris-borate 0.089 M, boric acid 0.089 M and 0.002 M EDTA). (32p]-
aCHEcDNA probe was employed in hybridization. Size markers were Lambda HindIII and
'hiX HaeIII digested fragments, the migration positions of some are illustrated. S
Uighly similar restriction patterns can be obeserved in all of the cosmid DNA
)reparations in bcth single and double enzymatic restrictio,:s. Note that KH double
:estrictions reveal a closer restriction patter:., between Cosmids 1 and 3 as opposed to
I and 4.
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Figure 7: Human/haaster chromosomal blot hybridization

C I

ES :Cell line

M.W.
-- 23

-4.3

•" -- 2.3
2.0

-0.2

DNA from human/hamster somatic cell hybrids containing one or more
human chromosomes on a background of hamster chromosomes was enzymatically restricted
with HindIII. Blots were prepared by Bios. Corp. and hybridization performed with 032 p-BCHEcDNA. For chromosomal contents see Table I.A 2.3 kb HindIII fragment
characteristic of the human CHE gene appeared only in lanes loaded with DNA from cell
hybrids containing human chromosome no. 3 (423, 860) or with total human DNA, but not
in lanes loaded with hamster DNA or with DNA from hybrid cell lines that do not carry
the human chromosome no. 3 (967, 854).
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Figure 8: Refinement of ACHI gene sapping to 7q22 by fluorescent in situ hybridization
with biotinylated ACHE cDA 0

0

0

- I
7q22 0 0

Chr. 7 0

0

In situ hybridization was performed in metaphase cells obtained from lymphocyte
cultures of normal donors. The probe employed was a 2.2-kb-long recombinant ACHE DNA
(Soreq et al., 1990) nick-translated by biotinyl dUTP (BioRad Labs) according to
Boehringer-Mannheim protocols and as previously described (Viegas-Pequignot et al., 0
1989). Detection was by indirect immunofluorescence. The first antibody was an anti-
biotin and the second a fluorescein conjugate. Chromosomes were counter-stained by
propidium iodide. Arrows indicate fluorescent spots located on 7q22 over the R-band
chromosomes.
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Figure 9: Restriction analysis of the human A(CE en U
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a. A schematic diagram of the ACHE gene. Exons (E) and
introns (1) are presented along with restriction endonuclease
recognition sites: Sc = Sacd; P = PvuII; St = Stul; B = BamHI;
A = ApaZ. The restriction map was generated using various DNA
probes: GNACHE (Soreq et al., 1990) is a 6.1 Kb Sacl genomic
fragment. A, B, C and D are PCR fragments specific for unique
exons or introns of the ACHE gene: A, 1653 to 2159 in Ben
Aziz-Aloya et al. (1993); B, 340 to 790, C, 1241 to 1695 and
D, 1712 to 1869 in Soreq et al. (1990), and the expression
construct is a probe that encodes the predominant, asymmetric
form of human AChE (Soreq et al., 1990). Oligodeoxynucleotide 0
probes 1 to 10 (noted by dots) were designed to detect
selected sequences along the ACHE gene (Soreq et al., 1990;
Ben hziz-Aloya et al., 1993). Except for the breaks shown in
t'ie restriction map, length in Kb is shown on the scale below.
b. Southern blot analysis of human genomic DNA. The above-
mentioned probes were used for DNA blot hybridization with 0
genomic DNA obtained from peripheral blood (P.B.) of two
unrelated apparently healthy individuals. Two such
hybridizations, using the expression construct probe and probe
B, are shown. These hybridizations enabled the construction
of the restriction map (a, above). Indications of size in Kb,
shown on the left, were those of standard Markers II and IV 0
(Boehringer/Mannheim).
c. Southern blot analysis of human ACHE genomic clone. The
6.1 Kb SacI fragment of clone GNACHE, derived from a third
individual, was digested with the indicated restriction
endonucleases, electrophoresed and blotted for hybridization
analysis with the 10 [ 3 2 P]-end-labeled oligodeoxynucleotide
probes (1 to 8 are shown). The restriction map obtained from 5 0
this analysis was compatible with the one obtained in b
(above), suggesting one copy per haploid genome for the human
ACHE gene. Sizes of fragments, shown as an example for
oligodeoxynucleotide probe 1, are calculated by interpolation
from standard markers (as in b, above).
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Figure 11: Allele frequencies of CIE mutation in Jewish populations

Genotype Phenotypea 4,0.20
N322 ACHE

0.15 Ytb

0.10

> 0.05

S0.00

G70 BCHE
S0.06 "atypical"

0.04

0.02

0.00

A .

Jewish populations 0

The genomic frequencies of the ACHE N322 allele, determined for 92 Georgians by
DNA sequencing (upper left), and of BCHE G70 allele, determined for 86 of them by RFLP
analysis (lower left), are compared with the appropriate published phenotype data. The
genotype data indicate apparent conformity to the ACHE mutation, 80 were homozygous 0
for H322 and 12 were heterozygous, the allele frequency predicting 80.4 and 11.2,
respectively and 0.4 homozygous for G70. "The Yt" allele frequency had been
determined for 773 Israeli Jews from various Middle Eastern countries of origin, 438
Ashkenazi Israeli Jews (Levene, et al., 1987) and 1,399 Europeans, chiefly British and
Swiss (Giles et al., 1967); the "atypical" BCHE allele frequency, for 3,658 Middle
Eastern Israeli Jews, 4,196 Ashkenazi Israelis (Szeinberg et al., 1972) and 35,770
Europeans (Whittaker, 1986).
'In the study of "atypical" BuChE, Turkish-Jewish and Balkan-Jewish population data

had been pooled. ýThese results are a compilation of 34 different surveys reporting
a range of "atypical" allele frequencies of 0.000 to 0.078, but which, in sum, do not
representatively sample the entire European and Finnish Sami and Greenland Inuit are
an additional 5%). Also, there can be wide variations among regions of a single 0
country, e.g., frequencies in Spain range from 0.004 to 0.073.
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Figure 12: Transcription of HpACHn in Xenolpus
0

Length, Kb Injected HpACHE DNAs included the 2.2 Kb
ACHE upstream sequence or its deletion

0 1 2 3 4 constructs linked to the ACHE coding
sequence. Characteristic restriction

I I I I sites (S-SacI, X-XhoI, A-AccI, St-StuI)
included in the ACHE coding exons (no.

XA K PXP P A 5P PAýSS 2,3,4 & 6, shaded boxes) and in the
P t region upstream of the initiator AUG

codon within clone GNACHE (Soreq et al.,
1990) were predicted according to
sequence data and confirmed by blot

S1 M" 1 . hybridization of genomic DNA with PCR-

AUG amplified or subcloned probes from this
sequence. Relative positions are noted on

Ks I46I the length scale in kilobase (kb), where
the first sequenced nucleotide equals 0.

X Ml1A fifth construct, carrying the ACHE
... .................................. coding sequence downstream of the CMV IE 0

gene enhancer-promoter sequence (black),
p was as previously described (Velan et

al., 1991b). Putative TATA box and
cluster of transcription factor binding

CMV 2 sites were found by sequencing and are
marked by a black box and a star, * *\ respectively.

275 0
bp

Open reading frames in exons are noted by dotted underlines. Positions of the first
exon (1) and intron (I1) were determined by RNA-PCR experiments (Fig.6). inset: RNA
was extracted from Xenopus oocytes 2 days after injection (50 ng/oocyte) with the
noted linearized constructs. Residual injected DNA was eliminated by DNase I treatment
(20 min at 37 0 C, 2 U/sample (Promega, Madison, WI) in 40 mM Tris-HCl, 10mM NaCl, 6mM

MgCl 2 in the presence of 20 U/sample RNasin (Boehringer, Mannheim, Germany). DNaseI
was heat-inactivated (90*C, 8 min) and RNA-PCR amplification was performed using the
primer pair 11,12 (Methods). U-uninjected, C-CMVACHE, M-DNA size marker VI
(Boehringer). bp-base pairs. PCR products are indicated by arrows.
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Figure 13: RN&-PCR analysis of exoc-intron boundaries

ACHE ACHE CODING
UPSTREAM /SEQUENCE
SEQUENCE

M(•AsT ('Mi(;T {((kil• (-A-A;T ('AGGT {AG'Aoa| I A; (i

IVR
pn~• t 2 ' 4 S

4JLL

Potential 5' splice sites (consensus G/GT) were found in the ACHE upstream region at
position 573, 687, 728, 756 & 1017 in the sequence drawn in Fig. 6, and detailed in
Fig. 7B. A potential 3' splice site was known to be located at position 2227 (Fig. 2B,
nucleotide no. 139), 21 nucleotides upstream from the first AUG (Soreq et al., 1990;
Li et al., 1991). Chimeric downstream orienteg (+) PCR primers were computer designe
(Rychlik and Rhoads, 1989) to function only if their entrire consecutive sequence
would be present, i.e., werever splicing occurred. These included 15-21 nucleotides
upstream from each potential 5' splice site and an additional 5-6 nucleotides from
exon 2 (ACGCCG, nucleotides nos. 2227-2232) and were tested with a single upstream (-)
primer (No. 10, methods). Asterisk indicated the experimentally confirmed active 5o
splice site. insets: Right- Total RA was extract from adult hu (70 years old)

brain basal nuclei. Primers no. 6-8 (methods and scheme) resulted in PCR products with
increasing lengths (lanes 2, 6-8). An additional primer at position 590 remained
inactive (not show), delineating a length of 74 p for El. M-molecular weigt marker
(Boehringer B annheim). 3'ft -si A extractsn from Xenopus oo ytes (XO) and 2-2Fy-old
emryos (XE) injdh tod with the Hf CHE (S)-construct (Fig.5) was used for e i A-Pe c
exbariments using primers, 2,10. U - (Minjecthd.
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A. Ge•e structure and restriction sites
The human ACHE gene includes a promoter (P), six exons, designated in this scheme

EI-E6 (shaded boxes) and four introns (I1-I4, empty boxes). Relative positions are
noted on the length scale in kilobase (kb) where the first sequenced nucleotide equals 4
-0-. Characteristic restriction sites (S-SacI, X-XhoI, A-AccI, K-KpnI, P-Pvu'T, SP-
SphI, St-StuI) included in the ACHE coding exons (E2, E3, E4 & E6) and in the region
upstream of the initiator AUG codon within clone GNACHE were predicted according to
sequence data and confirmed by DNA blot hybridization using genomic DNA and
differential PCR-amplified or subcloned probes from this sequence. Length of introns
was determined by PCR amplification of genomic DNA and cDNA sequences using primers
flanking each intron, and was confirmed by DNA sequencing (except for 13, which was
only partially sequenced). The 14-E5 domain is boxed.

B. Nucleotide sequence of intron no. 2 0
2 and 3. This intron is unique to mammals and does not exist in the Torpedo ACHE

gene. Intron-exon boundaries (5' and 3') are marked by arrows.

C. Nucleotide sequence of the 14-E5 domain and open reading frame
DNA sequence is presented for the 14-E5 domain. Nucleotides are numbered at the

right hand side. Analysis of this region revealed a continuous ORF connecting the E4-
14-E5 region. The predicted polypeptide diverts from the common ACHE sequence at amino
acid residue 544 and is numbered accordingly on the lefthand side. The 14 peptide
(white letters on black background) and the cleavable C-terminal peptide (shaded) are
presented. E4 and E6 splice sites are marked by arrows.

0

0

0

0
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Figure 1': ACHE gene structure and DNA sequencing of intron domains

A
Length, Kb

0 12 3 4 5 6 7

XAP K PX P A S p PA ss

iii 1 I I l I ii ii i1 11
I E ki 2ý 1121E3 113 E5 E6 1

B
-i~l 12

AGGTAACTAGTGGCTAGCTGGCGTGAAGCTGGCTCCTCTGGGTCCCAACGGTCCCTCCCC 60
TCCCTGCAGGGACCCAGGCATGAGGGCTTCTCCAGGCCCATTCCCAGAAGTCCCAGAAGT 120
CCTCCCTGAGGGCTCAGCATCCCAGGGTGGTCAGCAGGGCAGACAGGAAAGCCACCATGG 180
GTCTCATTTTCTCTTTCTCTGCATCCCTCCCCTGATCTCGTCCTCTCTCTGTCCATGGTT 240
CCGGGTCTGTAACTGTTCATCTCTCTGGCTCTTTGTCTGTCCTATCTGTTTCTGTCTACT 300 0 *
TGTCTGTCTGTGCCTGTCGCTCCATCCCACCCCCCTCCCCCTCACCCCCAGfT[ýj53

0

AGCCCAC(~TATGCAGG(GGCCAGCGGGCAGCGCTGGGAGGAGGGGAGTGGGAGCCCGC 60
541 S A T: M QEE~ GI! AGE GR VG

CAGTGTAAC (CCCICCTrr TCT CCC1CTGCCTCGGAGGCTCCCAGCACCTGCCCAGGCTTC 120

ACCCATGGGGAGGCTGCTCCGAG=CCCGGCCTCCCCCTGCCCCTCCTCCTCCTCCACCAG 180
5811 IHC

CTTCTCCTCCTCTTCCTCTCCCACCTCCGGCGGCTGTGAACACGGCCTCTTCCCCTACGG 240
601 rL L U1,..]L :z91A .L K ' LR. R L

CCTACAGGGGCCCCTCCTCTAATGAGTGGTAGGACCTGTGGGGAAGGGCCCCACTCAGGG 300
ATCTCAGACCTAGTGCTCCCTTCCTCCTCAAACCGAGAGACTCACACTGGACAGGGCAGG 360
AGGAGGGGCCGTGCCTCCCACCCTTCTCAGGGACCCCCACGCCTTTGTTGTTTGAATGGA 420
AATGGAAAAGCCAGTATTCTTTTATAAAATTATCTTTTGGAACCTGAGCCTGACATTGGG 480
GGAAGTGGAGGCCCGGAA.ACGGGGTAGCACCCCCATTGGGGCTATAACGG'ICAACCATTIT 5400
CTGTCTCTTCTTTTTCCCCCAACCTCCCCCTCCTGTCCCCTCTGTTCCCGTCTTCCGGTC 600
ATTCTTTTCTCCTCCTCTCTCCTTCCTGCTGTCCTTCTCGGCCCCGCCTCTGCCCTCATC 660
CTCCCTCTCGTCTTTCGCACATTCTCCTGATCCTCTTGCCACCGTCCCACGTGGTCGCCT 720
GCATTTCTCCGTGCGTCCTCCCTGCACTCATACCCCCCCTTCAACCCGCCCAAATGTCCG 780
ATCCCCGACCTTCCTCGTGCCGTCCTCCCCTCCCGCCTCGCTGGGCGCCCTGGCCGCAGA 840
CACGCTC E
1)T L

ZERflUCTR

114
5 S-zmture protein

O] 15-cleaved c'-terminus
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Figure 15: Alternative ACHEoNA transcripts in fetal and adult humn tissues and in
hematopoletic cells AS)
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RA blot hybridization detects ACHEmRKNA in human fetal brain and heart.
Poly A+ RNA (10 ug/lane) was prepared from fetal (18 weeks gestation) brain basal

uclei (BN), Hippocamp,- (Hip) and heart (Hrt) by extraction with guanidinium 0
hiocyanate followed ry two rounds of Oligo (dT)-cullulose chromatography.
lectrophoresis and , ottip wee as previously described (Prody et al., 1987).
ybridization was , ..h a [I'P]-labeled ACHEcDNA probe covering the complete 2.2 kb
ong sequence encoding asymmetric ACHE (Soreq et al., 1990). produced by enzymatic
igestion from plasuid DNA, electroeluted from gel and column purified. Washing was
or 1 hr in 1 x SSPE (0.15 N CaCl. 0.01 M NaH PO4. 1 mM EDTA) at 650C.
lectrr,phoretic migration cf 28s and 18s ribosomal 4NA was used to determine the
and's size (28s = 5sb. 18s - 2kb).

Splicing patterns.
Splicing in the ACHE gene (scheme) is displayed by dashed trangles. Splicing of

1, 12 and 13 generates, in all tissues examined, the core domain of the coding
equence from exons E2-E4. Alternative splicing occurs in the 14,E5 region and
ncludes three options: E4-E6. E4-E5.E6, and E4,I4,E5.E6.

. PCR primer pairs and the selective RT-PCR products.
The primer pair 1.2 could potentially create several alternative products, but

oractically it amplified only ACHEmRNA sequences including the E3,E4 and E6 regions, •
:haracteristic of the hydrophilic (H) form. with the potential for tailing. This was
probably due to unfavorable competition with the realtively more abundant major
XCHEmRNA species. The primer pair 1.4 detected expression of the putative mRNA
;ubtypes including the E5 exon which encodes PI-linked AChE (P) or the 14/E5
'readthrough" form of ACHEmRNA encoding a longer PI-linked AChE (RPI). The primer pair
L,3 was unique to the readthrough (RP2) form, and the primer pair 2,5 amplified all • *
kCHEcDNAs where the E5 exon in the AHCE gene is continued by E6 (C).

). RT-PCR analysis of tumor cell lines.
Cell lines were NT2/Dl teratocarcinoma, H9T lymphoma, 293 embryonal kidney cells,

4CI-N-592 small cell lung carcinoma, and TE671 medulloblastoma. RT-PCR experiments
were performed with 100 ng samples of total RNA and the noted primer pairs. Arrows 0
Lndicate PCR products reflecting the various ACHEmRNA transcripts designated as in C.

Coexpression of common and alternative ACHEmRNAs in K-562 erythroleukemia cells.
Total RNA from K-562 cells was subjected to RT-PCR amplification using the primer

pairs 1,4 (lane 2,4) or 1.2 (lane 3). The lane 4 reaction was performed without
reverse transcriptase, to exclude presence of genomic DNA contaminations. Molecular 0
weight marker were electrophoresed in parallel (lane 1). Arrows indicate PCR products
3nd their sizes.

Predicted ACHERNAs and proteins.
The three alternative ACHEmRNA transcrips and their putative protein products are

;chematically displayed. Open reading frames initiated by the AUG codon are marked by 0
a dotted underline, all according to the bottom scale in kb. The resultant protein
)roducts would either be hydrophilic (H) and capable of being tailed by noncatalytic
iubunits or hydrophobic and amenable to linkage of phosphoinositide moieties (P or
3R). In both latter cases, di.'ect connection between E5 and E6 is predicted.

0

0

-96-

*



-.

0

Figure 16 Alternative splicing in the ACHE gene creates 3 mRNAs )
with potentially distinct protein products
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I E2 E3 4 E6 Readthrough (PI-Linked)

AUG

A. Three splicing products from the ACHE gene
Promoter region and exon-intron organization of the "lED

long ACHE gene. Triangles above the introns represent the
obligatory splicing boundaries. Dashed triangles represent 0
optional splicing leading to alternative transcripts. Three
different mRNAs can be spliced out from this glene: that
leading to the h'ydrophilic tailed form (Fig. 3), that
producing the hydrophobic PI-linked form including the product
of ES, or the mRNA translated into the readthrough PI-linked
form including the product of 14-E5. 0

0
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B. Alternative C-terminal peptide sequences in the 3 different forms of human ACHE.
The primary sequence (see Fig. 2B) follows a parallel model for human BCHE 0

(Neville et al., 1992). Amino acid residues, in the single letter code, are nubered
starting with the N-terminus. White regions denote areas identically aligned with the
corresponding residues in BCHE, while regions unique to ACHE are shaded. Disulfide
bonds are dotted and intercoccected. The active site serine residue is starred, and
potential glycosylation sites are marked (-CHO). The cystine loops A,B,C' and C" are
marked. The C-terminal half cystine residue linking catalytic subunits, is dotted and 0
marked by a black circle. Common splice sites are marked by filled arrows and the
alternative splice site by an empty arrow. The putative C-terminal peptide of the
alternative hydrophobic, PI-linked from of hematopoietic ACHE is shown below, starting
with residue 544, where alternative splicing modifies the peptide sequence. The
putative PI-linked read-through form is shown in the lowest box, also starting with
residue 544. The 14 region is shaded. The hydrophobic C-terminal peptide, to be 0
released from this df,-in by proteolytic cleavage which enables PI linkage, is shown
in black for both th- alternative forms.

9
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Figure 17: Hydroyhobicity profiles of the alternative C-teraini in AC•R Subtype

NH2 COOH
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COOHHydrophobic61
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Each of the C-termin.,. peptides was subjected to plot structure analysis by the Chou
and Fasman prediction (1987). This analysis provides best-guess predictions regarding
folding patterns within the analyzed proteins as well as evaluations on the
probability of particular peptide domains to be located at the surface of the fully
folded enzymes. Peptide domains with high hydrophilicity are circled and those with
high hydrophobicity marked by black diamonds. Predicted turns are displayed by 180-
degree turns, helices are shown by sine waves, B sheets as sharp saw-tooth waves and
coils as dull saw-tooth waves. The cleavage site of the hydrophobic C-terminal peptide

is marked by a dashed line.
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Figure 16: Biochemical characterization of recombinant human AChE produced in X oz
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A. Inhibition by excess dubstrate. Mature Xenopus oocytes were injected with 5 ng of * O
in vitro transcribed AChEmRNA (soreq et al., 1990) and incubate overnight at 170C.
Homogenates corresponding to 1/3 oocyte were assayed for AChE activity in the presence
of various concentrations of acetylthiocholine substrate (average of 3 experiments ÷/-
SEN).

B. Sensitivity to selective inhibitors. 0ocyte homogenates were preincubated for 30 0
min in assay buffer contining the AChE-specific, reversible inhibitor 1,5 bis (4-
allyldimethylammoniumphenyl)-pentan-3-one dibromide (BW284C51, BW) or the
butyryicholinesterase-specific inhibitor tetraisopyopylpyrophosphoramide (iso-OMPA,
10) at the indicated concentrations and assayed for remaining activity following
addition of 3mM ASCh. (average of duplicate assays from 2 independent microinjection
experiments). AChE extracted from human erythrocytes (hEr) served as control. 0

C. Oligomeric assembly. Homogenates from ACHEmRNA-injected oocytes were subjected to
sucrose density centrifugation as described in Methods (average of 3 experiments).
Note that in addition to the free monomer (3.2s, GI), the oocyte appears to generate
dimers (5.6S, G2) and to a lesser extent eteramers (10.2S, G4) of human AChE.
Endogenous oocyte AChE activity is undetectable under these conditions. Arrow marks
position of bovine liver catalase (11.4S).

D. Expression of ACHE DNA in Xenopus. Oocytes were injected with 5 mg synthetic
ACHEmRNA or ACHEcDNA under control of the cytomegalovirus promoter-unhancer element
(CMXACHE; Velan et al., 1991a) and incubated for 1 (RNA) to 3 (DNA) days. Oocytes
served as control. Activity is expressed as moles substrate hydrolyzed per hour per
oocyte +/- SEN for 3 independent microinjection experiments.
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Figure 19: Transiently t.ransceiic Xenopus embryos as an in vivo
expression system for AC 0
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A schematic representation of a microinjection experiment depicting the principal
developmental stages and analytical approaches used in this work is shown together
with photographs displaying the normal gross development of unstained microinjected
embryos (+) compared with control uninjected embryos (-) 3 days after fertilization.
In vitro fertilized eggs of Xenopus laevis were injected with 1 ng of CMVACHE and
cultured for 1-4 days. Sketches after Duchar (1966).
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Figure 20: Develoaintal profile of rhAdhZ overexpression in X Tu
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A. Overexpression of rhAChE in developing embryos. High salt/detergent extracts of
CMVACHE-injected and uninjected embryos were prepared and assayed for AChE activity in
the presence and absence of the selective inhibitor ecothiophate (3.3 X 10-7 M,
inset). Endogenous AChE activity was calculated according to an algorithm assuming 90% 0
inhibition of rhAChE and 20% inhibition of frog AChE at this concentration of
inhibitor. Bar graph represents the total AChE activity measured per microinjected
embryo at various time points following microinjection and the calculated activities
attributable to rhAChE (dark shading) and endogenous frog AChE (light shading). The
total AChE activity measured in uninjected control embryos at the same time points is
indicated by white circles. Data represent average of 4-6 embryos for the indicated 0
number (N) of independent microinjection experiments +/- SEM. INSET: Selective
inhibition of recombinant human AChE by ecothiophate. Homogenates representing
endogenous frog (Fr) or recombinant human (rh) AChE were assayed for activity
following 40 min preincubation with the indicated concentrations of ecothiophate.
Average of 3 experiments.

B. Immunochemical discrimination between rhAChE and embryonic Xenopus AChE. Affinity
purified AChE form CMVACHE-injected Xenopus embryos (rh), control uninjected embryos
(Fr), human brain (hBr) and erythrocytes (hEr) was subjected to deaturing gel
electrophoresis and protein blot analysis as described in Methods. Each lane
represents approx. 20 ng protein, except rh which contained only 6 ng. Note the
complete absence of immunoreactivity with embryonic Xenopus AChE although silver 0
staining of a parallel gel demonstrated detectable protein at the corresponding
position (not shown). The faint upper bands (140-160 Kd) in the lanes displaying
native human AChEs represent dimeric forms resulting from incomplete reduction of the
intersubunit disulfide bonds (See Liao et al., 1992). Prestained molecular weight
markers indicated on the right were from BioRad, USA.
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"Figure 21: rbACOZ in sicroinjected XgencW!s embryos remains monomeric
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High salt/detergent extracts representing 2 embryos were subjected to sucrose density 0
centrifugation as described in Methods. Figure represents total AChE (solid line) and
immunoreactive rhAChE (dotted line) from CMVACHE-injected embryos 1 to 4 days after
fertilization. rhAChE appeared exclusively as a peak representing monomeric AChE
(approx. 3.2S) at all time points. Arrow marks position of bovine liver catalase
(11.4S). INSETS: AChE molecular forms in control uninjected embryos scaled to the
total activity levels observed in DNA-injected embryos (see Figure 2). Peak analysis
demonstrated that the distribution of oligomeric forms was identical to that observed
in CMVACHE-injected embryos. Note that monomeric AChE is essentially undetectable in
control embryos. GI, G2 and G4 indicate the expected positions of the globular
monomer, dimer and tetramer in the gradient; A8 and 12 - positions of "tailed'

asymmetric forms. Fraction 0 represents the top of the gradient.
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"Figure 22. AdhN expression in developing Zenopus embryos
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A. Schematic presentation of sectioned embryos. Thin sections (700 Angstroms) were
prepared from the anterior trunk region of 2-day-old embryos. Cross sections at this
level reveal the close proximity of the muscle-forming myotomes and the principal
components of the developing central cervous system. At this stage embryos displayed
clearly differentiated muscle cells and the sporadic twitching which accompanies
hatching. Following cytochemical staining for catalytically active ACHE, electron
microscopy was employed to detect high desity accumulations of thiocholine reaction
product in myotome areas (shaded). (Diagrams after Hausen and Riebesell (1991)). Scale
bar=200 um. 0
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B. Accumulation of ACHE in myotomes of transgenic Xenopus embryos.
Two-cell cleaving embryos of Xenopus laevis microinjected with 1 ng plasmid DNA

were cultured for 2 days. Shortly after hatching (stage 26 (Hausen and RIebesell, 0
1991)) embryos were fixed and stained for catalytically active ACHE by the hiocholine
hydrolysis method (Koelle and Freidenwald, 1949; Karnovsky and Roots, 1964). Deposits
of electron-dense reaction product appear as dark rectangular crystals which vary in
size and intensity (arrows). Control sections incubated in reaction buffer lacking
substrate displayed no reaction product. a-c: Neuromuscular junctions (nmjs)
demonstrating uncharacteristic synaptic accumulation of ACHE following microinjection 0
of HpACHE (b) and CMVACHE (c) DNAs. a-uninjected; b-HpACHE; c-CMVACHE. d-f: Sections
through somitic muscle cells from control uninjected (d), HpACHE (e), or CMVACHE (f)
injected embryos illustrating overexpression of ACHE around and between the myofibrils
(mf) of both DNA-injected groups. Arrows denote crystals of reaction product. sv-
synaptic vesicles; y-yolk platelets. (Bar=1 )±m). •
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Figure 23: Disposition of rhAChE in myotomes from 2-day-old0
microinJected Xenopus embyo
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Fertilized Xenopus eggs were microinjected with 1 ng CMVACHE. incubated for 2 days at
17"C, fixed, stained and prepared for electron microscopy as described in Methods.
Uninjected embryos from the same fertilization served as controls and were similarly
treated. Arrows mark accumulations of reaction product indicating sites of
catalytically active AChE.

A. Uninjected control myotome in longitudinal section following activity staining
for AChE.

B. Myotome section from CMVACHE-injected embryo.

C. Uninjected control myotome in transverse section.

D. Transverse section from CMVACHE-injected embryo. Note the increased intensity of
staining in sections from injected embryos vs. uninjected controls within the same 0
subcellular compartments, eapecially with the sarcoplasmic reticulum (SR). A-A band;
I-I band; Z-Z disc; Tr - triad; SR - sarcoplasmic reticulum; T-T tubules; G - glycogen
particles; Size bar represents 0.5 Pm.

-108-



Figure 2*1: Overwgvression of AChE in myotcoes of OEVACHE-irijected embryos persists to
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Analyses were as in Figure 23 except that embryos were analyzed after 3 days
incubation. Note the deve'opmental increases in myotomal AChE in both control
uninjected (A.C) and CNVACHE-injected sections (BD) especially within the SR and T- 0
tubules. Size bar represents 0.5 Pm.
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Figure 25: Structural1 features in neuromuscular junctions of 3-day-old
OWVACE-inJected Xenopus embryos overexpressing AChE
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Fertilized Xenopus eggs were cultured for 3 days, fixed, stained for AChE catalytic
activity and examined by transmission electron microscopy. Two cytochemically stained
synapses are presented from uninjected control (A-B) and CMVACHE-injected (D-E) S
embryos. Note the particularly high density staining in areas directly opposite nerve
terminal zones enriched in neurotransmitter vesicles (V). CF illustrate
representative unstained NMJs from a control and a CMVACHE-injected embryo,
respectively. The synapse presented in B represents the highest degree of staining
observed in a control section. mf - myofibril; v - pre-synaptic neurotransmitter
vesicles; Arrows - post-synaptic folds. 0

0
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Figure 26: ACIRmNA levels are selectively reduced at 12 days after treatment

ACHE mRNA Actin mRNA

C ontro l B M
BM

AS-ACHE

Control -
LN

AS-ACHE [j
26 41 i6 4'14

PCR cycles, No.

RNA samples (lrong) extracted from dissected lymph nodes (LN) or extruded femoral
bone marrow (BM) of treated (AS-ACHE) and untreated (Control) animals were subjected
to reverse transcription, PCR amplification and DNA blot hybridization as described
under Methods. Primers employed were specific to ACHEcDNA (left) or mouse actin cDNA
(right). Cycle nos. at which samples were withdrawn are noted.
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Figure 27: Restoration of CH~mRM levels in NU 20 days after treatment
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A. Selective labeling in mice administered in vivo with AS-ACHE.
Bone marrow smears were prepared from adult female mice treated once with AS-ACHE

or with PBS as detailed under Methods, 20 days after treatment. The presented 0
photographs display representative mature MK from a single mouse out of 4 in each
group, hybridized with antisense [3 5 S]-ACHEcRNA or BCHEcRNA as compared with
ACHEcRNA in all mice, and the reduction in hibridization intensity with both probes in
the treated as compared with the PBS-injected mice.

B. modulation of CHRNA levels in MR from PBS- and AS-ACHE-injected mice. 0
CHEmRNA levels in immature, pro-intermedial and mature MK were determined in

average no. of silver grains per cell as detailed in text for >40 cells per sample in
4 different mice treated with PBS or AS-ACHE. "Sense" ACHEMRNA and BCHEmRNA probes
served as controls for the hybridization. Note the differential changes in ACHE and
BCHEmRNA levels through MK development in control and treated mice.
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Wigure 26: Construction~ of native and site-directed 3011 mutants
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A. Positions of mutations examined and the respective amino acid
substitutions. BCHECDNA Clones I, II and III representing the normal
BCHE, the unusual BCHE species present in human neuroblastomas and
glioblastomas and a novel lambda gt1O "BCHEcDNA clone, respectively,
were used to engineer constructs 1-9 by enzymatic restriction with PStI
and BamHI and religation of the resultant a-g frgments in the noted
combinations. Amino acid substitutions in each of these BCHE variants
are marked in the single letter code. Site-directed mutagenesis of the
gly441-gln443 domain into the normal BCHE coding region created Clone
IV, from which constructs 10 and 11 were generated in a similar manner,
containing the gly441,gln443 domain with or without the gly70 mutation.
Respective positions of each of these substitutions along the BCHE
polypeptide chain are noted below.

B. Substitution of the glu441-glu443 domain by site-directed
mutagenesis. DNA from the usual BCHE Clone I was restricted with
BamH1/HindII and the resultant 800 bp fragment containing the glu441-
glu443 (EIE) domain was subcloned into identically restricted souble-
stranded M13mp18RF vector (Boehringer, Mannheim). Single-stranded
uracil-enriched DNA including this fragment was obtained (see materials
and methods) and double-mutated M 24-mer oligonucleotide, containing 2
mismatches at the EIE region was hybridized to the extracted phage
single-stranded DNA. Second strand DNA synthesis was subsequently
catalyzed by DNA polymerase and ligase in the presence of dNTPs.
Following transformation into competent E. coli MV1190 cells, selective
degradation of the uracil-enriched strand occurred and the resultant * *
DNA containing the corresponding 2 mismatches, was restricted pSP64-41
plasmid containing the human BCHEcDNA.

C. Mutagenesis of glu441-glu443 to gly441-443 introduces an
informative EcoRi site in BCHEcDNA. Nucleotides nos. 1471-1497 in
BCHEcDNA (upper sequence) encode the amino acid residues no. 438-446 in
the mature BCHE protein, including the electronegative domain of
interest (top peptide sequence). By utilizing the minus strand 24-mer M
oligonucleotide (lower nucleotide sequence) which contains 2 mismatches
directed at the EIE domain 5'-TTGAATTCC-3', a mutated peptide is
encoded by the complementary mutant strand 5'-GGAATTCAA-3' (noted
below) which encodes gly441-isoleu442-gln443 (GIQ). This sequence
introduces a third and novel EcoRI site in BCHEcDNA which has been used
to isolate GIQ encoding mutants. Samples 1, 3, 5 and 7, extracted from
constructs 1, 5, 10 and 11, respectively, were each subjected to
enzymatic restriction with BamHI/HindII. Parallel restrictions with
EcoRI are shown in lanes 2, 4, 6 and 8. Note that the BCHE insert of
the mutated plasmids 5 and 7 realized 2 fragments with EcoRI, of sizes
1.2 kb and 1.0 kb, as compared with a single 2.2 kb insert fragment for
samples 1 and 3.
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Figure 29: Mutagenesis and characterization of active site residues in
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to-•

B
wild. L2 86 D L236R L26Q L26K

type

DFP ecothiophate

0butyrylcholine

A. Close view of the active site of BuChE with bygrylcholine (0Ch).
The substrate is shown in reaction with Ser , as its carbonyl

carbon passes through a tetrahedral transition state (Harel et al..
1992), and the catalytic triad residues are in heavier outline. Note
the acyl-binding region surrounding the right side of the substrate
(shown as a ball-and-stick model), and the choline-binding region
surrounding its left side.

B. Three OP inhibitors and the substrate used in this study.

C. K values wild-type BuChhbnd mutations.
Toop, Phe ; Bottom, Leu . Standards deviatiot 6 were2 •l,

tl286 3.42..6 aJJ9 150. mMfg: wild-type BuChE and L 'D, L R,
L Q. F L. F D and F C, respectively, for 3 independent
transcription and microinjection experiments.
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Figure 30: inhibition of wild-type and two mutant BuChEs by DFP
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incubation with DFP (min)

Percent remaining activity of enzyme immobilized through 0

monoclonal antibody onto microtiter plate wells is shown as a

function of time of exposure to 5 X 10-* M DFP, 21 OC, pli 7.4.

A, wild-type enzyme; 1, L2 64Q; , L2 D.

0
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Figure 31: Alterations in binding affinities of recombinant DudiZ
variants to choline esters

B
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(A) Limited influence on binding to BTh and BezCh substrates. Binding of BTh and
Benz•h to recombinant BCHE mutants was measure as describe in Materials and Methods
and is presented in apparent Km and Ki values (colums). variations in BTh Km's
ranged between 1.64 mM for the single trE561 containing mutant and 4.25 mM for the
triple gly70, his1+4, pro425 variant. Also, the site-directed gly441, gln443 BCHE
mutant displayed apparently normal binding (Km = 2.64 mm) towards BT• and that
binding affinities of all BCHE variants towards BenzCh were approximately 10-fold
higher than affinities to BT•h. Note that BenzCh binding to gly441, gln443 was not
evaluated in this study.

B)Decreased affinity to various substrate anlogs induced by gly70 and modulated by
other mutations. Ki determinations (mM) for three choline esters (Suc•h, Prop~h, A•h)
were derived from the eqation Ki=IC50/+÷S/m and are presented in colums. Note that
the triple ECHE mutant gly70,his114,pro425 and, to a lower extent, other gly70
variants presented Ki values increased as much as +00-fold for SucCh, 6.5-fold for
Prop• and 5-fold for A•h as compared with the usual recombinant enzyme. The
corresponding structures are displayed for each of these choline esters.•
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Figure 32: Proe= of gly7O within BuChZ variants decreases inhibition
by cocaine and solanine-derived alkaloids

(A) ObLuib.

(C) Aph..8_he-,

!0C WWAS - SOy.O

Concentratdo [u• •

z ~0 *

Recombinant BCH•.s were incubated with the various inhibitors whose structures are
displayed at the noted concentrations and their respective % remaining activies 0
calculated by assays of the hydrolytic activities of 10 mM BTCh.
(A) Dibucaine binding
(8) Alpha-Solanine binding and
(C) Alpha-Chaconine binding. Note that the potent inhibitory properties of alpha-

chacoine are also apparent toward all gly70 containing BCHE muteins, although with
lower affinities that the usual recombinant BCHE enzyme. 0
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Figure 33: Conservation of substrate specificity and loss of substrate
activation in the APhu-UuChZ chisera

I00

0. Km - 2.3 mM 10 0

rBua~EoE pose*

<QBuChE-AOhE 'a "lifti0

0.002 0 hBuChE- senm0.01 0 BuChE-AChE himer
SrBuCihE

hAQhE - RCG
0.001 * #

10 20 30 0 t0 20 30
BTCh (mM) subsm, (mM)

(a) (b)

(a) Apparent Km values. In vitro transcription, Xenopus oocye microinjection,
homogenization and enzymatic activity (Neville et al., 1990b, 1992). For Km
determinations, hydrolytic activities of the recombinant enzymes were measured using
BTCh as substrate in the concentration range of 0.1 mM to 25 mM. Kinetic values were
obtained using Enzfitter (version 1.03, Elsevier Biosolft). Serum BuChE and RCG AChE
activities served as controls, all as detailed previously (Neville et al., 1990b,
1992). Representative determinations of Km are shown for rBuChE (2.2(±0.17)mM) and for
the chimera (2.3(±0.44)mM). Note activation at high substrate concentrations for
rBuChE but not for the chimera.

(b) Substrate preference. Rates of hydrolytic activity with BTCh were divided by 0
those with ATCh at identical concentrations, over the range of 0.1 to 25 mM. Resultant
BTch/ATCh hydrolytic ratios are shown for rBuChE and chimera, as well as for human
serum BuChE and RCG AChE (average of 7 experiments for the chimera and the other
proteins).

-121-

mmd i • ,~ri mim i~i.•.t'll•ll -* -.



igum 34: inhibition profiles of A = -RuCOZ chimera
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Inhibition profiles for the noted 6 compounds were determined for the chimera, serum
BuChE and RCG AChE as detailed previously (Neville et al., 1990b, 1992) at 5 mm BTCh.
Each curve is an average of 3 to 8 different experiments from at least 2 separate
transcriptions and microinjections, with S.D.s30%. ISO-OMPA, dibucaine, physostigmine,
succinyicholine and BW284C51 were all obtained from Sigma Chemical Co. (St. Louis,
MO), ecothiophate iodide from Ayerst Laboratories (Montreal, PQ) and bambuterol from
AC Draco (Lund). Percent remaining activity, compared with activity without inhibitor
(not shown), was determined for inhibitor concentrations over a range of 5 orders of
magnitude.
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Table 1: Distribution of amino acid residues and AT and GC rich codns in the ... '
reading tram of humen ACHE and 9011 coding regions.

Triple base Choices, %

Amino ACHE BCHE
acid -

residues (A/B) A,T G,C A,T G,C

Ala (55/34) 2.3 6.7 3.8 1.9
Arg (43/24) 1.9 5.1 3.1 0.8
Asn (17/40) 0.8 2.0 4.3 2.3
Asp (29/24) 3.4 1.3 2.8 1.2
Cys (08/10) 0.3 1.0 0.8 0.8
Gln (24/20) 0.5 3.4 1.8 1.5
Glu (34/37) 0.5 5.0 4.3 1.8
Gly (58/47) 3.0 6.5 5.8 2.0
His (15/10) 0.3 2.1 1.5 0.2
Ile (09/31) 0.2 1.3 4.2 1.0 * *
Leu (69/55) 0.7 8.6 4.5 4.7
Lys (10/37) 0.5 1.1 4.5 1.7
Met (09/13) - 1.5 - 2.2
Phe (29/42) 1.5 3.3 5.0 2.0
Pro (51/30) 2.9 5.4 4.2 0.8
Ser (36/39) 1.8 4.1 4.4 2.1
Thr (26/37) 1.6 2.6 4.7 1.5
Trp (17/19) - 2.8 - 3.2
Tyr (21/20) 0.5 2.9 2.3 1.0
Val (54/33) 1.3 7.5 3.0 2.5

The distribution of different amino acid residues (total numbers are shown in 0
parentheses) and of triple base choices (in %, G,C vs. A,T in the third position of
codons) in the open reading frame (ORF) for human ACHE (A) and BCHE (B) coding
regions. The sequences analyzed begin, in each case, with the presumptive initiator
AUG codon and end with the first "nonsense" codon in the cDNA encoding BCHE (Prody et
al., 1987) or ACHE (Fig. 2B).
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?Wei 2: Possiblei links between cholinergic signalinq andi ceil di~visioj
control

mp-k WN nop-4
Acwtvicholine cholinoceptive CNS cells in vitro enhanced PI metabolism
Acetylcholine ghome cell line increased DNA synthesis
Carbamy~icholine or pltysostigmine bone marrow cells in vitro and in induced platelet production

Agents that enhance P1f metabolism developing brain altered phospliorylation patterns,
altered levels of cdc2-related
kineses; increased cell division

Antisense-mediated block of OCHE bone marrow cells in vitro hemopoissis diverted, increased
gene expression production of myeloid cells

Abbreviations: ICNS) Central nervous system; IPI) phosphoinositide; IBCIIE) bulyrylcholinesterase.

-124-



Table 3: The S/T-P-X-Z peptide motif in known and potential substrates
of cc2-related kinases, including cholineaterase_

The SiT-PX-Z P & MW is b. sad Pawn" IaWaMN of cdc-2-- lad MINam

Known substrates Cell cycle related tuncton Sequence
lamen B nuclear organization S-P-T- R

histone HI nucleosomal organization S-P-X- K

T-P-X- K

N038, nucleoln nucleolar arrangement T-P-X- K

RNA polymerase transcriptional nitiation S-P-T-S-P-S-Y

ppWO " cytoskeletal reorganization T-P-N-K 0
T-P-S-R

S-P-O-R

Potential substrates Cell cycle related function Sequence
acetylcholmesterose cholinergic signaling? T-P-Y- P- R

§-P-T-P

S-P-P- S-R A

butyrylcholinesterase cholnergic signaling? S-P-G- S

Consensus motif SfT- P-X- Z

0

The sequences of ACHE and BCHE, from which the peptide sequences are
derived, can be found for ACHE in Fig. 28 and for BCHE in Prody et al.,
1987.
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Table 4: mappinq of the ACHE and BDl gnes to chromosomes 7 and 3 by T
using a human/hamster somatic cell hybrid panel

Appcarance of human CIIEI gene in human-hamster cell hybrids

Cell CHEI
line gene 1 2 3 4 5 6 7 8 9 10 It 12 13 14 15 16 17 IX 19 20 21 22 X Y

$167 - - + - - - +------------- - - - + ------
K54 - - + - + -

423 + - - +
Will + -- + - + + - + 10%6 ------------------- + - -

M)3 - - - - + - - - --- - ---------- + + -
- - - - - De + - + - + ---------- + -

151 - ---------- - +
NIl - -------- + -------- - --- +-------
907 . .-.- + + - - ------ +---------
74 - + + - -------- + ------
W - - ----- - - - - -------------- - - + -

NO - - - - - + + + + + + - + 4. - -

UPi7 + - - + - + + + -+ + - + - +
750 - - D - - - - ---------------- + +

1099 - D- -- + ------- + -- --
324 -------------- + - -
9401 - - - - +---------------+ - - - *
937 - +--- - + - - -- 4-4-- + -+--4---
61 + - - - - - 75% -

1079 + -4- + -+ + + - + - +----- --
1006 - ++ -+ -+ - - - ------ + - + - - -

756 - D + - - - - - - - - -+ +- -+

904 - D + - - - - +- -+-- -- +
909 - D - - - -D -- - - - - - -
862 - - - ------------ - -

1049 - - -- +

212 - ---- D -

%OiM."rdance 26 22 0 26 74 30 22 33 33 7 15 33 37 41 26 22 26 30 30 26 37 26 30 22

27 different hybrid cell lines containing one or more human chromosomes were examined
in each consecutive lane. Chromosomes present in each hybrid cell line are denoted by
+ signs. The percents of hybrids that are discordant with the human BCHEcDNA sequence
is given for each chromosome. Notice that only DNA from hybrid cell lines containing
Chromosome No. 3 were found to positively hybridize with BCHEcDNA.
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Table 5: P( Drinera and conditions employed to detect point -utations
in the hCHS genes

A c H 3

name position PCR* sequence (5-V3) use

1 U322N (*) E2 (1010) 'TGT•GGCTGTCCTCCAGGCGG amplification and
403 bp sequencing of the

2 H322N (-) 5end of 12 (186) AAAATGAGACCCATGGTGGCTTTCCTGTCT a.a.322 (Yt)
65"C region

3 H322N seq (-) 5' end of 12 (78) CATGCCTGGGTCCCTGCA

4 P446 (.) 3' end of 12 (83) CTCTTTGTCTGTCCATCTGTTTCTGTC amplification and
662 bp sequencing of the

5 P446 (-) 5' end of 13 (93) CCCGTCCTTTCTGTCTCCGTGTG a.a.446 region
60C

6 P446 seq (*) E3 (1365) TGACCTGGCAGCCGAGG

B C H Z

7 D70G (+) E2 (271) CTTGGTAGACTTCGATTCAAAAAGCCACAGTCT amplification and
186 bp sequencing of the

8 D7OG C-) E2 (457) GAATCCATACATTTAGATATAAACAGTCTTCACTG a.a.70 region
55eC ("atypical"variant)

9 D70G seq (-) E2 (287) 1TCAAAAAGCCACAGTCT 
0 *

10 E497V (*) 3' end of 12 (88) GCTCTGTGAACAGTGTTAGAAAACAATATTCTTTTTAATC amplification and
336 bp sequencing of the

11 E497V -) 5' end of 13 (82) CCGTGCCl"TGCAGAGTATACTTCATCCCTTTTTTACATAACCC a.a.497 region
55°C (J variant)

12 E497Vseq (+) 3' end of 12 (36) CAATTTTATCTATAATGTCTC

13 A539T Dral (+) 13 E4 junction ATACAACTTATTCCATATTTTACAGGAAATATTGtTtAA amplification and
(13-25 to E4-1773) 323 bp sequencing of the

14 nt2073 NsiI (-) E4 (2111) TAACTGTAGAACTTTATATTGTGAAATTTAATTA__CA a.a.539 (K
50*C variant) and

15 A539T seq (-) E4 (1881) GAGACCCACACAACTTTC analysis of nt2073

Primer names are derived from the amino acid substitution region that is amplified or
sequenced (seq) by them. (+) and (-) refer to the sense and anti-sense directions,
respectively. Numbers in parentheses refer to the position of the 5'-end nucleotide of
each primer. Primers in exons (R) are numbered according to Soreq et al. (1990) for
ACHE and Prody et al. (1987) for BCHE. Primers in introns (I) are designated according
to the number of bases from the nearest intron/exon junction. For RG-PCR-introduced
RFLP analyses, primers 13 and 14 contain deliberately mis-matched bases (underlined
lower case letters) to create a restriction endonuclease recognition sequence for DraI
and/or NsiI when amplifying BCHE alleles containing T539 but not A539, and/or dA but
not dG at nt2073, respectively. 'The size of the PCR fragment generated by using the
two upper primers in each box and the annealing temperature used for amplification are
indicated.
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"Table 6: Naplotypae of 01 gwens in Jewish populations

codons nlt.
I I !

haplozype 70 497 539 2073 chromosomes

I D E A dA 35 0

GI G E A dG 5

III D E A dG 21

IV G E A dA 3

indeterminate D/G E A dA/dG 10

Thirteen unrelated Georgians heterozygous for the ECHE D70G substitution, and 24
homozygous for D70 were analyzed for three other nucleotide alterations in the BCHE
gene, two of which cause amino acid substitutions (E497V and A539T), the third being a
nucleotide alteration at the 3' non-coding region, 2073dA or 2073dG. (+) and (-)
represent the common and rare forms, respectively. These are sorted into four
haplotypes. The observed genotypes were: haplotype I/I, 11 individuals; I/III, 10;
I/IV, 3; II/IlI, 5; III/II, 3. For 10 chromosomes (5 individuals), noted as
"indeterminate", we could not assign haplotypes because of double heterozygosity
(codon 70 and nt2073).
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Table 7: Intran-exoc boundaries in the AM gene

INTRON 5' DONOR STE3 A PTOR sIE
I 1 0

II CTCAG GTGAG ......................... 1543 ......................... ACAG ACGCC

12 TG CAG GTAAC .......... 349.. CC CAG GTO CTr

IIg
13 ACA GG GTCAG ...................... ca.1 300 ......................... CCCAG G GATC

I I 1ý 0
14 C ACC 0 OTATG .............................. 78 ........... CCTAG CCTCG

14-ES .............................. 829 ........................ CGCAG ACACG

Consensus * 0

38C AG GTA A GT N - AG OG
39Af I I G cccccccccccccc T 1

Donor (5') and acceptor (3') sites for each of the introns in the ACHE
gene (12-14 in the coding sequence and upstream intron, I-i), were
determined by DNA sequencing of ACHE genomic DNA and ACHEcDNA sequences
(see Figure 10A for schematic representation of ACHE gene). Insertion
positions within the ACHE gene are numbered below. Amino acids,
wherever encoded at acceptor positions, are noted in boxes above
(except for I-i, which is an untranslated sequence). Consensus sequence
data for intron-exon boundaries (Krainer and Maniatis, 1988). The
numbers denote the frequency of occurrence of each consensus base at
specific positions (in %).
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- Table 8: Recombinant human ACHE production in microinjectod Xenopua

Oocytes
injected with: ACHEmRNA Barth Medium

Acetylthiocholine
hydrolysis rate, 11.9 1 1.9 1.1 ± 0.2
mOD 405/min

Substrate degraded, 50.4 ± 5.0 5.2 1 0.9
nmol/hr/oocyte

0
% remaining
activity

"+ BW284C51 4.6 ± 0.35 48.7 ± 10.6

"+ iso-OMPA 94.8 t 1.4 88.3 ± 5.9

Recombinant ACHEmRNA from 3 separate in vitro transcription reactions 0
(Ben Aziz and Soreq, 1990) was injected into 30 oocytes per experiment
(2 ng mRNA per oocyte). Parallel groups of oocytes were injected with
Barth's medium and served as controls. Following incubation, oocyte
homogenates from 3 separate microinjection experiments were used for
analyzes of total ACHE-mediated hydrolysis of acetylthiocholine
essentially as detailed previously (Soreq et al., 1989; Dreyfus et al.,
1988). Acetylthiocholine concentration was 1 mN. In order to ascertain
sensitivity to inhibitors, either BW284C51 or iso-OMPA was added to
the reaction mixtures 40 min prior to the addition of substrate in a
final concentration of 10 jiM. Hydrolytic activities and percent
inhibition values for the recombinant ACHE enzyme are shown in
comparison with the endogenous ACHE activities in control oocytes.
Spontaneous substrate hydrolysis (up to 0.6 mOD/min) was subtracted.
Data shown represent mean values ± standard evaluation of the mean
(SEM). Note residual endogenous, BW284C51-insensitive, non-specific
hydrolytic activity accounting for approximately 2.5 nmol/hr per oocyte
in all samples.
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Table 9: Subcollular fractionation of rhAChE in CNVACHE-injected

Xenopuu embryos

FRACTION M Fr

DAY 1 DAY 2 DAY 3 DAY 3

LSS 57 ± 2 60 4 53 ± 3 36 * 5

DS 37 ± 2 34 t 4 36 ± 3 31 ± 4

HSS 6k2 5*1 10±1 33±7

Fertilized Xenopus eggs were microinjected with 1 ng CMVACHE-DNA,
cultured for 1-3 days and subjected to homogenization and subcellular
fractionation. rhAChE in each fraction (rH) was detected by Enzyme
Antigen Immunoassay (Liao et al., 1992) using a specific mAb (101-1)
raised against human brain AChE. Endogenous AChE activity in uninjected
tadpoles (Fr) was determined by the standard colorimetric assay. 0
Percent enzyme activity in each fraction (average ± SEM) is shown for 3
to 5 groups of 3 embryos from a single minroinjection experiment. LSS -
Low salt soluble; DS - Detergent soluble; HSS - High salt soluble.
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Table 10: Biocheiaical assesment of ACh production in injected embryos

Thlochollne Net added
release actlultg

(mOo/min) (nnks/hr/11)

rl .U1 .3 Bil U I B"

UpUCHE 3.25 3.26 3.49 3.33 0.03 6 13.4 0

CMURCHE 19.54 11.35 --- 15.43 4.11 4 223.1

UnInjected 2.35 2.24 --- 2.55 0.31 4 ---

* 0

Acetylthiocholine hydrolyzing activity was determined in homogenates
prepared from 2-3 groups of 2 embryos each from a single microinjection
experiment with the specified ACHE encoding DNA (see Methods for
details). Raw data for individual groups are expressed as A4o5
(mOD/min) and net induced activity and standard deviation are presented •
in nanomoles substrate hydrolyzed/embryo/hr.

Spontaneous substrate hydrolysis of 0.3 mOD/min has been subtracted,
values in parentheses refer to total number of embryos tested in the
entire experiment.
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Table I1: Modified nouramnmcular junctions in 3-day old eou
embryos over-expressing rhAdhz
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0
Table 12: Hemtmsoietic of fects of AS-ACMl (

A) In vivo modulation of bone marrow cell composition by AS-ACHE

Treatment Days Post- Lymphocytes Myclocytes Granulocytes EryLhroid

Treatment + stem cells + NeutropluLs cells 0

None 0 (N-4) 19.0 20.0 32.0 29.0

AS-ACHE 12 (N-4) 4.5 34.5 47.0 13.0

AS-ACHE 20 (N-4) 25.0 22.5 17.0 35.5

B) MK subclassification at 20 days after in!ection

Treatment Pro-MK Int. MK Mat. MK * 0

PBS (N-2) 0.8 85.3 13.9

AS-ACHE (N-4) 2.1 75.2 22.7

0

0

A. Three week old Sabra mice were injected intraperitoneally with 511g/g weight AS-
ACHE. Untreated bone marrow served for control. At the noted day after treatment, bone
marrow smears were prepared as detailed under Methods and differentially distinguished
into lymphocytes and stem cells, myelocytes, granulocytes and neutrophils and
erythroid cells. At least 1000 cells were counted in each case and results are given 0
in percentages. Note the dramatic change in cell composition 12 days after treatment
and its apparent reversal by day 20.

B. Percent fractions of specific MK subtypes were determined 20 days after
treatment. Note the significant increase in both promegakaryocytes and mature MK
fractions in AS-ACHE, but not in PBS-injected controls.
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Table 13A. Substrate and inhibitor intractions with h• ThZ

enzyme relative K-0 IC5 ob(IM)

ecothiophate iso-OMPA DFP 0

Wild-typeý 1.0 0.27 22 0.02
Lae-K 11 >1000 100 N.D.
L206Q 9 5.5 140 0.25
L

2
0R 5 N.D. N.D. N.D.

La&GD 4 2.5 55 0.17 S
F 3 2 9Q 0.4 3.7 2 0,006
F32L 0.8 2.5 4.8 0.004
F329c 1.2 3.1 3 0.006
F32OD 1.0 2 30 0.03
Y44°D 2.1 0.68 85 0.07

"Ratios of K. values toward butyrylthiocholine (wild-type = 2.2 mM).
Determinations were made on material from 3 or more different in vitro transcription
and microinjection experiments with standard deviations noted in Fig. 31.

"bIC5 o values are an average of 3 or more determinations of material from 2 or
more microinjections, obtained by assay of activity after incubation with the S 0
inhibitor for 30 min, 22 0 C, pH 7.4. N.D., not determined; certain Leu 2

6
6 mutants

showed low activities, which made difficult precise determination of ICso values.
'Oocyte activity following an injection of unmodified BuChEmRNA was used. This

activity has K, and IC5 o values identical tc those of human serum BuChE.
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Table 138: Comp-,awi of IC50 with kinetic data

enzyme LICJ5e(PM) k(min-1 ( b

Wild-type 50 0.338a 148 0

L28 6 D 6 0.066 90

L 286Q 4 0.022 90

Inactivationa of the wild-type and two mutant enzymes were performed
with 5 X 10 M DFP, pH 7.4 at 200C. Assay of remaining activity was
terformed in 20 mM BTCh.
bIC data appear also in Table 13A.

Ps54udo-first order rate constants were calculated from the data of
Fig.30 by linear regression analysis of plots of the logarithms of
remaining activity vs. time of exposure to DFP.
Commercial human BuChE was used for this determination.

- 0

0

0

0

0
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Table 14: Mutatios resulting in significant ICso variations

Drug/ substitution " 'ryr561 GIy70 Gly 70  Gly7O Gly70 GIy7O Wly70
'0IfisI 14 Tyr561 JHIis 114 fias 114 IPio425

Tyr561 Pro425

mT Succinyicholine 2.5• 2.5 25 30 30 30 >1000 60

2 Alpha Solanine 3.5 170 170 170 170 170 170

3 Solanidine 55 k 55 >200 >200 >200 >200 >200 >200
4 Alpha Chaconine 2, 3 3 35 35 35

5 Dibucaine '•30' 30 100 1000 500 1000 1000 50

6 Bainbuterol 0.5 0.5 0.5 5 5 5 10 100

7 Ecothiophate 2 0.2 1 1 1 5 10 5 S

8 iso-OMPA 8 1 2 0.5 1 10 >1000

9 Physostiginine .0O7g, 0.7 2 5 5 2 0.7 10

Naturally occurring point mutations, each leading to a 0
particular amino acid substitution, were introduced in several
combinations into BuChEcDNA constructs and their corresponding
enzyme products analyzed for their sensitivity to inhibition
by the above listed anti-ChE drugs and poisons. Binding
affinity to the noted drug is presented (Gnatt et al., 1992,
1993).
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Table 15: ICS. Vaues (UK) with several inhibitors for the BuWhi-NUhB
Chimera

0thioohata 8MQ4C51 iso-OWPA succinylchol ine dibucaine physostigmtne biauterol

h•kChE 0.19 820 24 6500 28 0.29 0.31

r•uChE 0.21 >1000 18 -- 45 0.57 0.36

2-7hE-A.hE 0.023 26 450 3700 260 0.25 43

chimera

hAChE 0.028 0.18 330 1400 990 0.025 480

RCG

The concentrations of inhibitor that resulted in 5C% of the control rates of

activity were determined from the inhibition curves.
Inhibtion profiles for the noted 6 compounds were determined for the chimera,

serum BuChE and RCG AChE as detailed previously (Neville et al., 1990b, 1992) at 5 mM

BTCH.
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